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The Proficorder—An Instrument for 


Recording Waviness and Other 


Surface Profiles 


By E. J. ABBOTT! ann EDWARD RUPKE,? ANN ARBOR, MICH. 


The Proficorder described in this paper represents a 
major addition to available surface-measuring instru- 
ments. It provides data which are highly essential in the 
study of surfaces and the processes by which they are ob- 
tained. Its function is to reproduce, with appropriate 
magnifications, the actual profile of a considerable length 
of surface. It permits the study of individual irregulari- 
ties as to size, shape, and relative position with respect to 
other irregularities. The instrument can be used to good 
advantage for inspection of production setups for waves 
and other surface characteristics. As an instrument for 
use in process engineering, it provides quantitative data for 
determining the effectiveness of steps taken to improve or 
obtain certain surface finishes in machining or grinding 
operations. As a laboratory instrument, the Proficorder 
supplies indispensable information to all those who are 
interested in determining the causes, effects, and char- 
acteristics of surface irregularities. 


N the last two decades industry has become much concerned 
with surface finish, particularly with the types of surfaces 
produced by various machining and grinding operations. 

Considerable progress has been achieved in the development of 
shop instruments for the measurement of surface roughness, i.e., 
irregularities having a horizontal spacing of the order of thou- 
sandths of an inch. Until now, however, there has been a com- 
plete lack of instrumentation for shop use which could record the 
size and shape of more widely spaced irregularities, such as, 
waves, steps, or bows. The horizontal widths of these irregulari- 
ties fall outside the scope of the available instruments used in 
measuring surface roughness. 

The Proficorder was developed primarily to fill this gap. It 
provides means for recording surface irregularities which have 
horizontal spacings up to an inch or more, and which thus fall 
in the category of waviness. Waviness is an inherent character- 
istic of all machined and ground surfaces, and is an undesirable 
feature in many applications. Accordingly, there is a definite 
practical need for a shop instrument to measure these waves, 
and other widely spaced irregularities, so they can be held within 
acceptable limits. 

The necessity for a shop instrument, in contrast to a laboratory 
type, arises from the fact that the waviness of machined and 
ground surfaces is the result of a complex and subtle combination 
of factors in machine setup. These factors include the following: 


1 Condition of cutting edges of tools and grits of wheels. 


1 Manager, Physicists Research Company. Mem. ASME. 

2 Physicists Research Company. 
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2 Selection of feeds, speeds, coolants, etc. 

3 Condition of bearings, spindles, etc. 

The cutting edges of tools and the grits of wheels are the primary 
factors in the production of waviness. They are also the most 
difficult factors to specify and control Accordingly, the only 
practical test for the acceptability of a machining or grinding 
setup is the acceptability of the finished part. In making any 
machine setup, therefore, it is necessary to check the first few 
parts produced in order to determine whether or not they are 
within the desired tolerances. The Proficorder provides the 
first direct means for measuring the waviness of such pieces in 
order to check a setup for its initial acceptability as to waviness. 
Furthermore, because the quality of the cutting edges of tools 
and grits of wheels may change significantly during an ordinary 
run, it is desirable to repeat this check at intervals during a run. 
This procedure of measuring the waviness of the parts produced 
also provides the most practical method of checking the selection 
of speeds, feeds, coolants, etc., as well as showing up defective 
conditions of bearings, spindles, etc. For ‘making these initia] 
and periodic checks it is esseptial that the measuring instrument 
be conveniently available at all times to the machine where the 
work is being done. 

For some years it has been possible to measure waviness by 
means of laboratory instruments and techniques, but this method 
has served only to provide experimental] data and not as 4 means 
for controlling machine setups in various production processes. 
The Proficorder was, therefore, developed to make on-the-spot 
checks of parts and surfaces as they are produced by 4 particular 
machine. In order to serve in this capacity, it has the following 
characteristics which are essential to all satisfactory shop instru- 
ments: 

1 Simple and easy to operate. 

2 Rugged and reliable over long periods of time under shop 
conditions. 

3 Versatility in accommodating the various parts and types 
of surfaces that are machined and ground. 

The present instrument can record surface profiles over a dis- 
tance of approximately 2 in. The record obtained represents 
the actual contour of the surface traced. It shows the finely 
spaced irregularities, or roughness, superimposed on the more 
widely spaced irregularities, such as waves or bows. Steps, flaws, 
or other nonrecurrent irregularities are likewise registered, show- 
ing their true relationship to the rest of the surface. 

Basic Description or InsTRUMENT 

The focal point of the Proficorder is the chart record of the 
profile of the surface in question. The record is drawn in ink 
by the pen element of a recording meter. The recording of a 
usable profile on this chart entails the following necessary re- 
quirements: 

1 Vertical magnification. 

2 Horizontal magnification. 

3 A tracing mechanism. 
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Vertical Magnification. The vertical magnitude of surface 
irregularities is usually of the order of microinches. Accordingly, 
this dimension must be greatly magnified in order to obtain a 
usable chart for depicting such small irregularities. The magni- 
fication must be accurately calibrated in order to determine the 
actual height of the irregularities in question. 

Horizontal Magnification. Adequate or appropriate horizontal 
spacing between the irregularities on a profile record is necessary 
in order to identify the individual irregularities, or groups of 
irregularities. The line drawn by the pen is wider than the actual 
spacing between most of the finer irregularities on the surface. 
Therefore it is essential that a means be provided for stretching 
out the record of the surface as it is being recorded on the chart. 
The amount of magnification desired is dependent upon the char- 
acter of the surface being profiled and upon the type of irregulari- 
ties which one is interested in studying. 

Tracing Mechanism. The profile record on the chart is the 
end result of the displacements of a tracer point as it moves 
across the surface being profiled. The means and accuracy by 
which this tracer point is moved over the surface is highly im- 
portant with respect to the validity of the profile record. <A satis- 
factory tracing mechanism must have both accuracy and adapta- 
bility to a wide variety of surfaces. 


PuHysicaAL CoMPONENTS OF INSTRUMENT 


The essential features listed in the previous section are in- 
corporated in three distinct physical units, i.e., tracer, piloting 
fixture, and amplicorder. Fig. 1 shows a typical arrangement. 


Fia. 1 


Tue PRorFICcORDER SrruP 


(Type RLA piloting fixture at left; Amplicorder unit at right. Specimen 
mounted on table of fixture and tracer directly above.) 


Each of these three basic units is a logical integral assembly by 
itself, but functionally they are interrelated in a rather complex 
manner. The essential features and functions of each are as 
follows: 


Tracer 


(a) A tracer point which follows the surface being profiled. 
(6) A conversion element for changing mechanical displace- 
ments into electrical voltages. 


Piloting Fixture 
(a) Means for mounting the tracer and moving it in an op- 


tically flat plane over approximately 2 in. of trace. 


(6) A tilting adjustment for aligning the tracer with the speci- 
men. 
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(c) Vertical adjustment to accommodate different sized speci- 
mens and for mounting or removing the specimens. 

(d) A means for mounting and supporting the specimen being 
measured. 


Amplicorder 


(a) Oscillator to provide “carrier” for measuring circuit. 

(b) Amplifier. 

(c) Demodulator. \ 

(d) Recording meter. 

(e) Chart. 

(f) “Range switch” for selecting desired vertical magnifica- 
tion. 

(g) Controls for horizontal magnification. 

(h) Driving mechanism for chart and piloting fixture. 

(¢) Provision for manual operation of piloting-fixture drive. 

(j) Drive and adjustment for tracing speed. 

(k) Secondary controls and switches for convenience of opera- 
tion. 


PRINCIPLES OF OPERATION AND FUNCTIONAL DETAILS 


As indicated earlier, the three basic requirements for success- 
ful profile recording are vertical magnification, horizontal magni- 
fication, and a tracing mechanism. The following description 
of the Proficorder shows how these basic requirements have 
been incorporated in the physical units listed in the previous sec- 
tion. 

Vertical Magnification. The magnification of the mechanical 
displacement of the tracer point is obtained by means of an elec- 
tronic measuring circuit. . The essential feature of this measur- 
ing circuit is that it records static, as well as dynamic displace- 
ments of the tracer point. In recording waves which have wide 
horizontal spacing, or steps which have a single nonoscillatory 
displacement, it is necessary that the measuring circuit be able to 
record nonrepetitive or ‘‘zero-frequency”’ displacements of the 
tracer point. 

When using the tracer method, there are two principal means 
for producing voltages: 


(a) Generation of a voltage by means of the mechanical oscil- 
lations of the tracer point. 
(6) Modulation of a carrier voltage. 


(a) In the generating method, the frequency of the electrical 
voltage produced is the same as the frequency of the mechanical 
oscillations of the tracer point. Therefore it follows that at 
zero frequency of the tracer point, the voltage output of the 
tracer is zero. A moving coil in a magnetic field and a piezo 
crystal are examples of the generating method of producing 
voltages. In order to obtain measurements, this generating 
type of mechanical-electrical conversion must be operated above 
some minimum ‘“‘cutoff” frequency. When operated near or be- 
low this minimum frequency, serious discrepancies appear in the 
conversion. Because of this low-frequency cutoff, therefore, 
it becomes impossible to use the generating-type circuit to show 
the shape and dimensions of the irregularities with larger hori- 
zontal spacing, which fall under the classification of waviness. 
Moreover, steps or nonrecurrent irregularities of small horizontal 
dimension will produce only intermittent voltages, and thus will 
not show their shape with respect to the rest of the surface. For 
these reasons, the generating system of producing voltages has 
serious limitations. With this type of measuring circuit, it is 
impossible to make profile records that will show the size and 
shape of waves or nonrecurrent irregularities. 

(b) The modulated carrier method of producing voltages 
involves complexity of design, but offers the only feasible method 
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for including zero frequency in the measurement band. As 
explained previously, this inclusion is a necessity for measuring 
waviness. Therefore the modulation type of mechanical- 
electrical conversion has been used in the Proficorder. 

Fig. 2 is a block diagram of the various components of this 
circuit for recording static and dynamic displacements. The 
oscillator is the vacuum-tube type, and provides a carrier 
voltage of constant frequency and magnitude. This carrier volt- 
age provides the input for the conversion element in the 
tracer. This conversion element is essentially a transformer with 
variable coupling between primary and secondary windings. It 
serves as a modulator of the carrier voltage. The tracer point 
is attached directly to the secondary coil and, as it moves in and 
out of the tracer housing, the coupling between the primary and 
secondary coils is changed. 

The output of the converter is thus a modulated carrier 
voltage, and the quantity in which we are interested is the amount 
of the modulation. When measuring irregularities of the order 
of microinches, this quantity is very small. Therefore the 
modulated carrier signal is amplified, Fig. 2, to give the desired 
sensitivity. 

*After proper amplification, the modulated carrier must go 
through a suitable demodulating circuit. This serves to eliminate 
the carrier and leaves only the “measuring signal,” which was 
introduced by the conversion element in the tracer, and which 
has now been sufficiently amplified for purposes of meter opera- 
tion. 

The measuring signal coming out of the demodulator con- 
sists of a varying direct-current voltage, which in turn operates 
the meter. When the tracer point is in the center of its range, 
this voltage is sufficient to put the meter pen at the center of the 
chart. If the tracer point now moves up or down, the coupling 
between primary and secondary coils in the tracer is changed so 
that more or less voltage appears at the output of the demodu- 
lator. This causes the pen to move correspondingly from its 
center position on the chart. The amount and direction of this 
pen displacement is in direct proportion to the amount and di- 
rection of the tracer-point displacement. 

As already explained, this type of displacement-measuring cir- 
cuit has no low-frequency cutoff and therefore is not dependent 
upon mechanical oscillations of the tracer point to give signal 
voltages. This makes it possible to registes on the profile record 
any of the irregularities which the tracer point encounters as it 
moves across the surface of the specimen, including waves, bows, 
steps, or random irregularities. There is a high-frequency cut- 
off for the meter, but, by selecting an appropriately slow tracing 
speed, the rate of signal variations may be kept well below the 
limitations of the meter. Accordingly, all of the roughness and 
other closely spaced irregularities are shown in true relation to 
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the waviness and other widely spaced or nonrecurrent irregulari- 
ties. 

~The basic control for the measuring circuit just described 
is the range switch on the Amplicorder control panel, Fig. 3. 
This is essentially an attenuator which permits the user to select 
the proper scale of vertical magnification for the surface being 
profiled. A “zero adjust’ control permits fine electrical com- 
pensation for a suitable tolerance in vertical positioning of tracer. 
Table 1 shaws the scales in the vertical magnification range. 
Any of these scales may be selected by means of the range switch 
shown in Fig. 3. 


TABLE 1 SCALES IN VERTICAL MAGNIFICATION RANGE 


Amount of vertical magnifica- 


HOM ate 6 con Ses <x500 1000 X2500 5000 10000 
Vertical measurement repre- 
ge by full chart width, 

eee Oe eee ante 0.010 0.005 0.002 0.001 0.0005 
Vertical measurement repre- 
sented by smallest division 

of chart, microinches....... 200 100 40 20 10 


CONTROLS FOR 
HORIZONTAL MAGNIFICATION 


RANGE SWITCH FOR 
VERTICAL MAGNIFICATION 


REVERSING SWITCH 


ZERO ADJUSTMENT 


TRACING SPEED CONTROL 


HANDWHEEL FOR 
MANUAL OPERATION 


Fie. 3 Basic ContTrous on AMPLICORDER PANEL 
. 


ADJUSTING STOPS 
FOR LENGTH OF TRACE 


Horizontal Magnification. Whereas appropriate vertical mag- 
nification in a profile record is obtained by an electronic measur- 
ing circuit, horizontal magnification is the result of a mechanical 
ratio between the tracing speed and the chart speed. A range of 
horizontal magnification is indispensable in profile recording when 
various types of surfaces are to be measured. In general, the 
more widely spaced irregularities, such as waves or bows, require 
a small horizontal magnification. Otherwise, the chart length for 
a 2-in. trace becomes inconveniently long. If a chartis too long, 
it becomes difficult to observe the relationship between the vari- 
ous irregularities. For more closely spaced irregularities, and 
especially fine roughness, it is necessary to use a much larger 
horizontal magnification. Otherwise, the many fine irregularities 
crowd each other on the chart so that they lose their identity. 

The ratio between tracing speed and chart speed gives horizon- 
tal magnification, and is determined by suitable gearing. To 
change horizontal magnification, it is necessary to change only 
the gear ratio. This is done by means of the selective gearbox 
shown in Fig. 4. Provision is made for eight different ratios 
between input shaft and output shaft. A pair of knobs on the 
Amplicorder control panel, Fig. 3, provides for convenient selec- 
tion of any one of the eight ratios. The settings of these knobs 
are calibrated directly in horizontal magnification. 


TABLE 2 HORIZONTAL MAGNIFICATION RANGE 
Ratio of chart speed to tracing speed 


5 50 


on 
CouonNr 
rs 
j=) 
o 


Table 2 shows the values provided. The values in the first 
column are normally used when studying waviness, while those 
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SELECTIVE 
GEAR BOX 
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OPERATED 
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SPEED 


Fig..4 FunctionaL Diagram SHowina MercuHanican ELEMENTS 
OF PROFICORDER 


in the second column are useful for recording detail of roughness. 

Tracing Mechanism. The tracing mechanism consists of a 
piloting fixture, Fig. 4, which provides for moving the tracer over 
the surface in such a way that the profile drawn on the chart is 
a true representation of the profile traced. Basically, the pilot- 
ing fixture consists of a slide-and-screw arrangement for moving 
the tracer, a tilting mechanism for aligning the tracer with the 
surface being traced, and a vertical adjustment, see Fig. 1. 
The tracing mechanism is so arranged that the tracer element 
moves through a horizontal plane which is flat within a few 
microinches over a distance of approximately 2in. The accuracy 
is much greater over shorter distances. 

In addition to moving the tracer element along an optically 
flat plane, it is also necessary to have the line of trace very closely 
parallel to that portion of the surface being traced. This is 
necessary in order to keep the profile record on the chart. Lack 
of parallelism between the line of trace and the specimen causes 
the whole profile to move either to one side of the chart or the 
other. This alignment of the fixture, or tracer, with respect to 
the surface, must be done for each new specimen. Two adjusting 
wheels, one coarse and one fine, are provided on the fixture for 
this purpose, see Fig. 1. 

In placing the specimen under the tracer unit, it is necessary 
to have some means of raising and lowering the tracer. This is 
accomplished by mounting the entire piloting mechanism on a 
vertical slide, see Fig. 1. Thus’ the tracer can be raised high 
enough to allow for convenient mounting of the specimen to be 
measured. After the specimen is properly placed, the tracer is 
lowered by means of the vertical slide until the tracer point 
touches the surface. In practice, it becomes necessary to make 
a combination of vertical and aligning adjustments for the final 
setup. Skill in making these adjustments is readily developed, 

The tracing mechanism is driven by a selsyn motor. This 
motor is driven by one of two driver selsyns in the Amplicorder 
cabinet. One of the driver selsyns is operated manually by the 
handwheel for manual operation (see the control panel, Fig. 
3). By using this means of driving the piloting-fixture selsyn, it 
is possible to traverse quickly the length of trace, or to exercise 
care in moving the tracer point up to a shoulder, orin a slot. It 
is used primarily for setup purposes. The other driver selsyn is 
motor-driven, and provides for uniform motion at calibrated 
speeds, 

A range of tracing speeds is desirable for convenient profile 
recording. If the tracing speed is too fast for a given surface, 
the meter will fail to follow faithfully the mechanical displace- 
ments of the tracer point as it travels over the irregularities of 
the surface. This results in distortion of the profile drawn by 
the pen. However, using a tracing speed which is much slower 
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than necessary for the surface in question results in undue length 
of time for drawing the record. The variable-speed drive shown 
in Fig. 4 therefore provides an appropriate range of tracing speed. 
It is adjusted by means of a calibrated knob on the Amplicorder 
control panel, Fig. 3. This adjustment provides a continuously | 
variable tracing speed from 0.0005 to 0.015 ips. Since close 
adjustment is not required, the knob has only six calibration 
marks within this range. Selection of the proper tracing speed 
for making a profile record of a given surface depends upon the 
character of the surface and the type of information desired. 

In general, higher tracing speeds are used for waves and other 
widely spaced irregularities. Firte roughness, however, requires 
a slow tracing speed so that the high-frequency cutoff of the meter 
is not exceeded. Experimental evidence has indicated that 
0.0005 ips is a sufficiently slow tracing speed to record faithfully 
the finest roughness which is currently produced by the usual 
grinding and machining operations. 

The maximum length of trace on the Type RLA piloting fixture, 
Fig. 1, is 17/, in., but in many instances there is no need to utilize 
the full trace. By means of a stroke adjustment (see Ampli- 
corder unit in Fig. 4), it is possible to select whatever length of 
trace is desired. Adjusting stops are located on the control 
panel, Fig. 3. At the end of the selected trace, the power to the 
piloting-fixture selsyn is cut off automatically, thus stopping the 
tracer. Provision is also made for a reversing switch, Fig. 8, 
which makes it possible to drive the tracer in the opposite direc- 
tion. 

The Type RLA piloting fixture, Fig. 1, provides a table plate 
for mounting the specimen under the tracer. This plate is an 
integral part of the piloting fixture. Other piloting fixtures are 
designed so that the piloting mechanism rests directly on the 
surface itself. The important feature is that there must be no 
relative vertical movement between surface and piloting mecha- 
nism while the record is being taken. The measuring circuit 
has no means of distinguishing between irregularities of the sur- 
face of the specimen and extraneous movements of the speci- 
men. Accordingly, sufficient rigidity must be provided in the 
mounting mechanism, and in the tracer supporting mechanigm, 
so that extraneous motions are kept within acceptable limits. 
The following summarizes the functional details discussed in this 
section: 

The Proficorder is an instrument which provides a means for 
moving a tracer point over a surface, the end result of which is a 
profile record on a chart. This profile record is characterized by 
appropriate vertical and horizontal magnifications, which are ob- 
tained by electronic and mechanical means, respectively. Physi- 
cally, the instrument consists of three separate units, i.e., tracer, 
piloting fixture, and Amplicorder. For the sake of adaptability, 
the Amplicorder has been designed and constructed as the basic 
unit which can be used with different types of tracers and piloting 
fixtures. A line of tracers and piloting fixtures provides the ver- 
satility to cover a wide variety of work. 


Tests ror DETERMINING ACCURACY AND SENSITIVITY OF PRo- 
FICORDER 


When viewing a profile record showing the irregularities of a 
given surface, one should know what accuracy can be attributed 
to this record, i.e., to what extent.may the profile record include 
errors which are due either to inherent limitations or to mal- 
functioning of the instrument. : 

There are several basic tests, as follows, which are used in 
establishing the accuracy and proper functioning of a profile 
recorder: 


1 Accuracy of the piloting mechanism is best determined by 
the profile record obtained from tracing across an optical flat for 
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(Magnifications: V-10,000, H-5, before 3 to 1 reduction. Basic test for 
determining accuracy of piloting mechanism. Accuracy for 11/2 in. of trace 
As better than 5 microinches, as determined by this record.) 


the maximum trace of the piloting fixture. Fig. 5 illustrates such 
a record run on the Type RLA fixture. If the optical flat has 
an accuracy of 1 microinch, any deviations greater than this on the 
profile record of the flat can be attributed to inaccuracy of the 
instrument, or to distortion of the optical flat by improper mount- 
ing. As determined by this method, the accuracy is approxi- 
mately +3 microinches over a 17/;-in. trace. This degree of accu- 
racy is highly desirable when determining the vertical magni- 
tude of waves, bows, or other widely spaced irregularities. It is 
especially important when one wishes to determine the relative 
merits of different machining or finishing processes which are 
intended to eliminate or cut down the magnitude of certain sur- 
face irregularities. 

2 Sensitivity of the instrument is most conveniently checked 
by tracing over a known gage-block step. Fig. 6 shows the pro- 
file obtained by tracing over three gage blocks wrung onto an 
optical flat, side by side. The gage blocks selected provide for 
steps of 0.0008 in. and 0.0004 in. At V-5000 magnification, full 
chart width represents 0.001 in. Tracing across the two steps 
therefore should give a profile showing steps equal to 80 per cent 
and 40 per cent, respectively, of the chart width. At lower set- 
tings of the vertical range switch, the magnitude of the steps 
on the chart record will be proportionately smaller. Accuracy of 
the rated magnifications is held within a few per cent. 

3 The question also arises as to how faithfully the instrument 
can repeat itself when going over the same trace a second time. 
This can be checked by drawing a profile record of a surface which 
shows a number of distinct irregularities easily identified on the 
profile. The tracer and chart are then returned to their original 
starting point. By means of the zero-adjustment control, the 
pen is moved over on the chart so that a duplicate profile can be 
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drawn below or above the first record. A second trace is then 
made over the same surface profile, see Fig. 7. Comparisons 
between individual irregularities as to size and shape can then 
be made very readily. The agreement is excellent. 

4 Testing for broken or dull tracing points is accomplished 
as follows: The tracing point commonly used in the tracer is a 
pyramidal diamond which has a tip radius no larger than 100 
microinches. Due to the comparatively large width-to-height ratio 
of most surface irregularities, this tip radius is sufficiently small 
to bottom the contour of virtually all the irregularities encoun- 
tered by the tracer point. Small tip radius is unimportant when 
measuring waviness because of the large horizontal spacing. 
For more finely spaced irregularities, experiment has shown that 
diamonds with a tip radius smaller than 100 microinches produce 
a profile record which shows scarcely any appreciable differences 
from that drawn with the 100-microinch tip radius, 
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Fig. 7 Dupricath PROFILE TRACES 


(Magnifications: V-10,000, H-100, before 3 to 1 reduction. This is con- 
venient test for determining whether or not instrument repeats itself faith- 
fully. Individual irregularities are readily compared on the two profiles.) 


However, it is possible for these diamond tips to become dull or 
damaged. This will ordinafily reduce the detail of the closely 
spaced irregularities, or fine roughness, shown on the chart. 
The reason for this is that the dull tracing point fails to bottom 
the fine irregularities on the surface being traced. The profile of 
ground glass is almost always characterized by a great deal of 
fine detail superimposed on the coarser roughness. Fig. 8(a) 
shows a profile of a standard ground-glass specimen. Therefore, 
if it is suspected that a tracer point is dull or broken, a profile 
should be drawn of a known ground-glass specimen. If fine de- 
tail shows up on the record, the tracer point is probably in good 
condition. However, if the fine roughness which characterizes 
ground glass is not present on the profile, Fig. 8(6), the diamond 
is either worn or broken. In making such comparisons, it is not 
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Fic. 6 Prorite or Gacre-Biock Strrs 


(Magnifications: 


due to chamfer on blocks. 


V-5000, H-10, before 3 to 1 reduction. 
ness wrung onto an optical flat side by side provide steps of known height. 
is 0.0008 in. thicker than left block, and 0.0004 in. thicker than right. 
produces profile shown, ‘which indicates sensitivity of instrument. 
Deviations of record from theoretical shape include tolerances 


“Gage blocks of different thick- 
Middle block 
Tracing over blocks 
Crack between blocks is 


in gage blocks, uncertainties of mounting of blocks, and tolerances in instrument.) 
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Prorite SHowina Use or SHARP DIAMOND AS TRACER 
Point; Tre Raprus Unver 100 MicroincHEs 


(Magnifications: V-10,000, H-100, before 3 to 1 reduction. Represents 
characteristic profile of ground-glass surface. Fine detail is lost when 
tracer point becomes dulled, see Fig. 8b.) 


Fria. 8(a) 


proper to compare individual irregularities on the two graphs 
because it is not feasible to change diamonds and then run the 
second trace over exactly the same part of the profile as the first 
trace. 

Conclusions concerning diamonds may be verified by removing 
the tracer point and examining it under a high-power microscope 
(400 or higher). Tracer points are mounted in such a way 
that they can be removed and replaced readily. 


PROFICORDER APPLICATIONS 


As indicated in the introductory paragraphs, the primary con- 
sideration in the development of the Proficorder was that of meas- 
uring surface waviness. The nature of the instrument is such, 
however, that it will draw a complete profile of the surface, in- 
cluding all irregularities traversed by the tracer point. This 
profile record shows the fine surface roughness superimposed 
upon the waves and other widely spaced irregularities, Fig. 9. 
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Fie. 9 Prorite SHOwING RouGHNESS SUPERIMPOSED ON WAVINESS 


(Magnifications: V-5000, H-20, before 3 to 1 reduction. This profile rep- 
resents all irregularities traversed by tracer point. More detail for closely 
spaced irregularities can be obtained by greater magnification.) 


Whether measuring waviness or roughness, or both, the useful- 
ness of the instrument depends to a large extent upon the variety 
of specimens or actual machined and processed parts which can 
be profiled in their natural state, condition, or position. The 
scope of the instrument in this respect depends largely on the na- 
ture and adaptability of the piloting fixtures which carry the 
tracing elements. 

As currently developed, therefore, there are three different 
basic types of piloting fixtures for different applications. Any 
one of these can be used with the standard Amplicorder unit 
which contains the amplifier-recorder, the variable-speed drive 
mechanism, and all necessary controls for operating the piloting 
fixtures. 

The Type RLA piloting fixture, Fig. 1, has been described at 
some length in this paper. It is mounted on a base plate which 
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ProriteE SHowine Use or Dutt DiAMonp Aas TRACER 
Point; Tip Raprus or 600 MicroIncHES 


(Magnifications: V-10,000, H-100, before 3 to 1 reduction. Trace was 
made over same ground-glass specimen, not identical profile, as used for Fig. 
8a. Note loss of fine detail as compared with profile in Fig. 8a.) 


Fie. 8(b) 


rests on legs. The fixture is stationary in character. It can 
accommodate a great variety of parts which are of such size 
that they can be brought to, and placed on, the table plate under 


Fic. 10 Types RPA Pinotine Fixture 


(Used primarily for large outside diameters and for measuring flats which 
are not readily moved from their location. Fixture is mounted directly on 
specimen. Over-all dimensions 31/4 in. wide X 41/2in. high X 12 in.-long.) 


Fie. 11 RCA Pivorine Frxrure ror INTERNAL DIAMETERS 
(Used for taking profiles of cylinders.) 


Fic. 12 Prormr Recorp or Worn CyLinpeR WAL IN UsEpD 
AUTOMOBILE BLock 


(Left end of record represents top of cylinder. Magni i p 
: B gnifications: V-1000 
H-5, before 3 to 1 reduction. _ Step shows where piston ring stopped when 
piston reached top center position. Higher compression, poor lubrication 
starting friction, all account for arcatey wear as piston approaches top of 
cylinder.) 


ABBOTT, RUPKE—THE PROFICORDER—INSTRUMENT FOR RECORDING WAVINESS 


the tracer unit. Profile records may be drawn of outside diame- 
ters (axially) as well as flats. For large outside diameters, 
such as rolling-mill rolls and flats which cannot be moved con- 
veniently, or are too large to be placed on the table plate of the 
Type RLA piloting fixture, there is a portable piloting fixture, 
_Fig. 10. This fixture can be carried to the specimen and placed 
directly on it. Sufficiently long cables for connection to the 
Amplicorder unit are attached to the fixture. The necessary 
controls for leveling and vertical adjustment are on the fixture. 

A third fixture provides for measuring profiles in an axial 
direction on inside diameters such as cylinder walls, Fig. 11. 
The fixture is placed directly inside the cylinder and can be used 
for 27/s in. ID or larger. . This fixture has a stroke of 21/2 in., 
which is somewhat longer than that of the other two fixtures. 
Fig. 12 shows the profile taken axially along the cylinder wall of a 
used automobile block. The step shown on the record is where 
the upper ring stopped during each stroke of the piston. 


Measuring Smart ANGLES RELATIVE TO A GIVEN PLANE 


This is a problem somewhat different from the one usually 
associated with the drawing of surface-profile records. However, 
the angle which one part of a surface makes with another part is 
a matter of profile, and as such, the Proficorder provides a means 
for measuring this angle. When the angle is very small, the 
Proficorder can be used to obtain a high degree of accuracy in its 
measurement. 

The profile record in Fig. 13 serves as an illustration. The 
setup is made in such a way that when tracing across the so- 
called reference plane, the line or profile drawn on the chart lies 
parallel to the lines of the chart and very near to one edge. As 
the tracer point moves over the plane which makes an angle 
with the reference plane, the line drawn on the chart will slope 
toward the other edge of the chart. When the pen reaches the 
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Fic. 13 Prorite Recorp ILLUSTRATING UsE of PROFICORDER AS 
ANGLE-MEASsURING DEVICE 


(Magnification: V-1000, H-50, before 3 to 1 reduction, Represents trace 
over two plane surfaces which meet at an angle. Angle A between the two 
is a function of a and b; a and b are scaled from chart.) 


opposite side of the chart, the tracing is stopped. The chart now 
has on it a line with a certain slope; the amount of slope being 
dependent upon the size of the angle and the horizontal and 
vertical magnifications used. This line may be considered as 
the hypotenuse of a right triangle. From the illustration, Fig. 
13, it is evident that the angle A, in question, is a function of the 


+ sides a and b. The sizes of a and b are scaled from the chart. 


' Therefore the value of A is easily obtained from the following 
trigonometric relation 
0.0045 


Tan A LE ces rrr: 


= 0.0529 


Angle A = 3° 2’ 
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SUMMARY 


The Proficorder represents a major addition to industrially 
available surface-measuring instruments. It provides data 
which are highly essential in the study of surfaces and the proc- 
esses by which they are obtained. It is unique among surface- 
measuring instruments because of the following characteristics: 
(1) It reproduces, with appropriate magnifications, the actual 
profile of a considerable length of surface. This gives a profile 
record in which finely spaced irregularities, such as roughness, 
are superimposed on the more widely spaced irregularities, such 
as waves or bows. (2) It permits the study of individual irregu- 
larities as to size, shape, and relative position with respect to other 
irregularities. 

The implication of these two features is that the fields of ap- 
plication are very wide. In the industrial process, there are 
three general areas of usage which suggest themselves, as follows: 


1 The instrument can be used to good advantage for inspec- 
tion of production setups for waves and other surface character- 
istics. These surface characteristics are determined, not only 
by the general condition of the machine (bearings, spindles, 
gears, balance, etc.), but more directly by the nature and con- 
dition of the cutting edges of tools and the cutting grits of wheels. 
It is next to impossible to specify these cutting edges; more- 
over, they may change significantly from setup to setup and 
during ordinary runs. Use of the Proficorder during machine 
setups allows these variables to be controlled, thus providing 
more consistent quality and preventing loss of time and material. 

2 Asan instrument for use in process engineering, it provides 
quantitative data for determining the effectiveness of steps 
taken to improve or obtain certain surface finishes in machining 
or grinding operations. Moreover, it can be used to good ad- 
vantage in determining the effect of subsequent finishing proc- 
esses on surface character, particularly waviness and other widely 
spaced irregularities. 

3 Asa laboratory instrument, the Proficorder supplies indis- 
pensable information to all those who are interested in determin- 
ing the causes, effects, and characteristics of surface irregularities. 


Discussion 


H. Buox.* In recording a surface profile, the conventional 
methods, including that employed in the Proficorder, consist of 
plotting the ordinates (heights) of the irregularities as a function 
of the abscissas; for further reference it is proposed to call this 
the Cartesian method. : 

In a common variant of the Cartesian method, the scale of 
magnification for the ordinates is chosen larger than for the 
abscissas, because the mean slope of the irregularities as a rule 
is small and otherwise a great length of recording paper has to 
be used. The gain in surveyability outweighs the disadvantage 
of the distortion of the record. 

It is felt that further improvements may be achieved by 
changing over to another method of recording, i.e., to the polar- 
diagram method. The polar method is well known in the field 
of wave analysis (for example, analysis of electric currents), but 
apparently has not yet received the attention from workers in 
the field of surface roughness which it undoubtedly deserves. 

‘In contrast to a Cartesian diagram, in a polar diagram the 
ordinates y are not plotted as a function of the abscissas x, but 
as a function of the slopes dy/dx of the irregularities. For 
example, for a sinusoidal surface profile, the polar diagram proves 
to be an ellipse; by proper adjustment of the scales, the el- 
lipse may be transformed into a circle. Going a step further, 


3 Royal Dutch Shell, Delft, Holland. 
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it can easily be shown that for each truly periodic surface profile, 
which possesses no discontinuities in height or slope of the ir- 
regularities, a polar diagram will be found which consists of a 
single closed curve. In general, it can be proved that, for the 
purpose at hand, the polar diagram characterizes the surface 
profile mathematically as completely as the Cartesian diagram. 
It is true that the polar diagram cannot provide the level of the 
surface profile relative to some reference level but for this 
purpose, i.e., studying surface roughness, this is wholly unim- 
portant. 

The polar method is not just a mathematical trick, but it 
presents several distinct advantages over the Cartesian method, 
particularly if the surface profile is to be studied in terms of 
Statistics; some advantages are as follows: 


1 The polar diagram occupies much less space than the con- 
ventional Cartesian daigram. 

2 In studying the distribution (statistically speaking, the 
frequency diagram) of the slopes occurring in the surface profile, 
the polar diagram provides a more direct approach than the Car- 
tesian diagram. In the writer’s opinion, the distribution of 


4 Mathematically, the polar diagram relates the ordinates y to 
the corresponding values of dy/dy. From such a relation (an ordinary 
differential equation of the first order), the relation between y and 
x, 1.e., the surface profile, can be found by integrating once, for 
example, by well-known graphical methods. In this integrating 
process one indeterminate constant of integration is introduced: 
This feature explains why the polar diagram fails to provide the ex- 
act level of the surface profile. 
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slopes is in many cases no less important than the distribution 
of heights. 

3 In studying deviations from true periodicity -of the ir-_ 
regularities, the polar diagram is more convenient than the Car- — 
tesian diagram; in the polar diagram such deviations result in + 
a branched curve intersecting itself and delineating a ring-shapec _ 
region, From the width of this ring the magnitude of the devia- _ | 
tions may be judged at a glance. . 


4 In combination with item 3, for the purpose of comparing J 


the profile actually obtained in the finishing process with the | 
profile prescribed, the polar diagram is more convenient than 
the Cartesian diagram. Whereas interpreting polar diagrams . 
in terms of the actual surface profile requires experience and — 
skill, for inspection purposes quite inexperienced personnel may 
be employed, as only a ring-shaped template with clearly in- . 
dicated “tolerance widths’ has to be compared to the polar 
diagram obtained. : 


Finally, it should be remarked that polar diagrams may be 
plotted automatically by relatively simple electrical means. 


AuTHOoRS’ CLOSURE 


Mr. Blok’s mathematical transformations are interesting. 
Thus far the authors’ purpose has been to develop a simple, 
rugged, versatile instrument for shop use. The profiles obtained 
show the actual surface irregularities in true relation to each 
other, and thus far the interpretations by shop personnel have 
been simple and straightforward. 4s 


Development of an Air-Operated 
Force-Measuring System 


By A. A. MARKSON! anp R. S. WILLIAMS,? PITTSBURGH, PA. 


The force-measuring system described in this paper de- 
pends upon the principle of using a nonmetallic flexible 
diaphragm as a null-deflection frictionless measuring 
piston. This is accomplished by use of a simple auxiliary 
positioning pneumatic-relay system. A novel viscous 
stabilizing damper is described. The paper outlines the 
industrial development of this principle. Previous re- 
lated NACA work in this field is cited. Because the 
devices are now used in test measurements on cradle 
dynamometers, turbojet engines, rockets, and guided mis- 
siles, some essential data relating to the evaluation of such 
a system and its probable errors are given. It is shown 
that this principle is capable of yielding an unusually 
good combination of ruggedness and stable accuracy. 


INTRODUCTION 


HE use of flexible nonmetallic diaphragms as measuring 

elements is not new. Industrial draft gages, for example, 

employ this principle extensively. The development of a 
good force-measurement system, using a flexible diaphragm, in 
which the measurement is obtained as the product of a balancing 
air pressure acting upon the diaphragm area, involves problems 
to a degree not ordinarily encountered in usual good diaphragm- 
operated instruments. 

A particular engineering development in this field of measure- 
ment, the subject of the present paper, is known commercially as 
the “ThrusTorq”’ system of force measurement. Figs. 1 and 2 
are schematic diagrams which show the elementary devices and 
their method of operation. As force is applied to the measuring 
diaphragm of Fig. 1, a relay pilot valve automatically admits 
or exhausts air from the diaphragm chamber, acting as a null- 
point regulator of the diaphragm position. The balancing air 
pressure is suitably measured and, if the area of the diaphragm is 
satisfactorily constant, is a measure of the applied force. The 
system will be recognized as one in which instability is possible 
in the absence of damping. The required damping is supplied 
by a viscous damper. 


DETAILS OF SYSTEM AND OPERATION 


Referring to Fig. 1, the construction of this unit consists of a 
molded diaphragm the outer edge of which is clamped between 
the diaphragm cage and cover. Clamped to the diaphragm is a 
rigid center which carries the exhaust port. The rigid center or 
thrust plate is attached rigidly to the force arm. A force applied 
to the force arm is transmitted to the measuring diaphragm by the 
arm and the elastic fulerum. The stabilizer capsule, attached to 
the force arm, reacts with the instrument frame through the 
stabilizer thrust buttons. Located in the diaphragm cover is the 


1 Mechanical Engineer, Hagan Corporation. Mem. ASME. 

2 Production Engineer, Hagan Corporation. Jun. ASME. 

Contributed by the Industrial Instruments and Regulators Divi- 
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double-seated poppet valve which acts as a null-position regula- 
tor of the diaphragm position. 

The operation of the system can be described by first explaining 
the poppet-valve construction and operation. The poppet con- 
sists of a solid stem, one end of which is formed into an inlet 
poppet head, the other end serving as an exhaust-valve stem. 
When the unit is in operation, the inlet poppet is seated in the 
inlet port. The exhaust end of the valve seats in an exhaust 
port which is carried in the rigid center. With compressed air 
connected to the poppet-valve inlet, a movement of the dia- 
phragm toward the poppet valve under the action of increased 
load causes the inlet valve to open, the exhaust remaining closed. 
This admits air to the diaphragm chamber. 

The air pressure acting on the diaphragm area causes the dia- 
phragm to return to the null position, closing the inlet. A de- 
crease in load on the force arm allows the air pressure existing on 
the diaphragm to move it away from the poppet valve, thus 
opening the exhaust port, while the inlet remains closed. As the 
air pressure bleeds enough to re-establish the balance between the 
pressure and the applied load, the diaphragm returns to the null 
position, closing the exhaust. Thus with an inlet port which is 
fixed in relation to the instrument frame, the diaphragm will be 
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regulated to a fixed equilibrium position under all conditions. 
The desired equilibrium position for the diaphragm is obtained 
by adjusting the position of the inlet port of the valve in rela- 
tion to the instrument frame. 

The balancing air pressure generated by the relay-valve action 
is a linear measure of the applied load. ‘This pressure is taken 
in practice to standard types of pressure-indicating systems, re- 
motely located in many cases, on which the final load readings or 
records are made. The output pressure may serve simultaneously 
as a pneumatic signal for the operation of regulating and com- 
puting systems. 

This system will be readily recognized as one in which in- 
stability is possible when inertial forces are balanced hydro- 
statically in the absence of sufficient damping. The viscous stabi- 
lizer previously referred to is introduced to control this situation. 
This unit consists of the capsule in Fig. 1, composed of two dia- 
phragm chambers enclosed by flexible diaphragms and con- 
nected by a small orifice in the partition plate. The capsule is 
completely filled with damping liquid. The capsule is attached 
rigidly to the arm and moves with the arm. With the diaphragm 
and force arm set in the null position, the thrust buttons are ad- 
justed symmetrically so that they engage the capsule diaphragms, 
thereby serving as rigid centers for the capsule diaphragms. 
With the unit so adjusted, any movement of the force arm will 
cause liquid to be transferred through the orifice from one 
chamber to the other, thus providing the necessary viscous damp- 
ing for complete stability. This unit will be recognized as a type 
of dashpot from which static friction has been removed and 
alignment troubles practically eliminated. Stable damping con- 
stants are obtainable by the use of damping fluids of the silicone 
family, owing to complete control of damping by the orifice, since 
piston leakage is eliminated. In further contrast to a piston 
dashpot, equally high damping forces are obtained in both direc- 
tions as there is no barometric pressure limit such as determines 
the maximum force on the suction stroke of the ordinary dashpot. 
‘This permits the application of critical damping with the result 
that response speed is limited principally by the pressure-gage 
speed. 

Fig. 2 shows a variation of the basic elements. Here, two 
measuring diaphragms have been connected in series to give 
higher load capacities per unit. This particular unit is capable of 
balancing directly an 11,600-lb force. The series construction is 
accomplished by the use of a third small diaphragm as a flexible 
seal between the two main diaphragms, thus maintaining.a fric- 
tionless construction. : 

Since the applications of this system are now numbered by 
several hundred, an idea of the present field of application may be 
obtained from some typical installation views, Figs. 8, 4, and 5. 

Fig. 3 shows a basic unit mounted on a horizontal turbojet- 
engine thrust stand. In the foreground appears one of the four 
elastically suspended stand supports. This particular support 
design uses a strip of spring sheet in the form of a loop with the 
two ends secured to the support pedestal. Carried in the loops 
are the pin shafts of the frame on which the jet engine is mounted 
for testing. This engine mounting is quite rigid to lateral motion 
but very flexible along the thrust axis. This type of support is 
used very effectively with a null-displacement measuring system, 
resulting in a completely “frictionless’”’ method of measurement. 

Fig. 4 shows a basic unit applied to a cradled electric dynamome- 
ter used for automotive-engine testing. In this particular 
setup, it is desirable to operate the system at an angle to simulate 
the actual operating angle of the automobile engine. Here the 
«lynamometer is mounted at 10 deg to the horizontal. The force- 
measuring unit on this dynamometer is a double ThrusTorgq, 
consisting of two complete upper and lower diaphragm units 
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which allow measurement of forces in either direction. This may 
also be accomplished using a single unit having a preloaded up- 
scale zero on the recorder or manometer. : 

Fig. 5 shows an installation of the integral-elastic-fulerum 
device of the type shown in Fig. 1, applied to a batch-weighing 
hopper installation. A mercury manometer, indicating the 
weight in pounds, is equipped with an adjustable electric con- 
tactor which automatically cuts off the feed to the batch hopper 
at the desired weight indication. 


DEVELOPMENT BacKGROUND 


The first serious attempts to produce a satisfactory design of 
pneumatic-force instrument, which would be an advance in many 
fields of force measurement over previous devices, were reported 
by Moore, Biermann, and Voss,’ of the Aircraft Engine Research 
Laboratory, Cleveland, Ohio. 

Six machines of the type shown in Fig. 6,4 were built by the 
authors’ company for NACA from NACA designs. These 
machines used a flat fabric-inserted rubber diaphragm as a meas- 


3 “The NACA Balanced-Diaphragm Dynamometer Torque In- 
dicator,” by C. S. Moore, A. E. Biermann, and F. Voss, NACA 
RB No. 4C28, March, 1944. 

4 Tbid., Fig. 6. 
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uring piston of approximately 67 sq in. effective area. In order 
to minimize the effect of diaphragm displacement on the linearity 
of the output, a nonbleed relay pilot valve, designed by the au- 
thors’ company, was incorporated in the design shown in Fig. 6. 

As in the authors’ development, the valve assembly consists 
‘of a valve pin with a poppet head seated in an air-inlet-valve seat. 
The other end of the pin is seated in an atmospheric-exhaust-port 
hole which is part of, and can move with, the measuring dia- 
phragm. As the inlet opens, compressed air flows into the 
diaphragm chamber and closes the valve. Following the instant 
that the poppet pin is fully seated in the inlet, a further with- 
drawal of the exhaust seat opens the exhaust port and lowers the 
pressure til) the diaphragm returns, closing the exhaust port. 
The diaphragm is in positional balance when both exhaust and 
inlet ports are closed. 

In the NACA design, the exhaust port is adjustable in the 
diaphragm assembly. Since the equilibrium position of the dia- 
phragm is determined by the fixed valve length between exhaust 
and inlet seats, the equilibrium diaphragm position is adjustable 
by screwing the exhaust port in or out. When the exhaust port is 
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screwed toward the inlet, the diaphragm moves in the opposite 
direction. 

The unbalanced valve area is about 0.01 sq in. Errors from 
this unbalanced area are negligible so that relatively large changes 
in supply pressure have no effect upon the output of the device. 

The valve, being frictionless, produces no measurable effect on 
the sensitivity which is high. In the steady state, practically 
no air is consumed. 

The advantages of this design are good sensitivity, good line- 
arity, insensitive to minor misalignment. 

A typical NACA dynamometer-calibration result is shown in 
Fig. 7, as taken from the NACA report cited.# 

The sensitive performance of the NACA instrument and its 
convenient manipulative properties bring out the attractiveness 
of pneumatic systems for force measurement. However, limita- 
tions in the performance of this particular instrument design for 
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general application soon became apparent and it was evident 
that these would have to be overcome before a generally success- 
ful industrial system would result. 

The limitations other than commercial may be listed as follows: 


1 Low load-carrying capacity, as compared with other hydro- 
static systems; such as, pistons and liquid capsules. 
2 Instability under inertial loads. 


The development of a system overcoming these limitations has 
been carried out by the authors’ company since 1943, and has 
resulted in the pneumatic force-measurement devices of the pres- 
ent paper. 

Since these devices have attained considerable importance in 
many widely varied fields, ranging from industrial-belt-weight- 


-ometer applications to research on rocket propellants, a fairly com- 


plete design account of this development is justified. 

In developing the necessary accuracy data for the design of a 
measuring system, two general methods of analysis are usually 
employed. From the designer’s point of view, the nature and 
magnitude of the errors in a well-designed instrument may be 
considered as being under reliable control within certain limits 
rather than as being subject to absolutism relating. to presence 
or absence. From this point of view, a knowledge of the perform- 
ance of the system components is required. Sufficient informa- 
tion of this type suffices, at least in theory, for the synthesis of an 
instrument. However, the over-all performance of the instru- 
ment, as constructed and as actually used is the final criterion 
for more than platitudinous reasons. Only then does the designer 
have the final knowledge of how all known and unknown com- 
ponent errors combine in practice to give over-all performance. 
The subject measuring system will be discussed from both view- 
points. 


The potential sources of measurement error in the air-operated 
measurement system of the paper can be listed as follows: 

1 Characteristics of the measurement diaphragm with respect 
to its effective area and stability. 

2 Influence of the relay pilot valve and the viscous stabilizer 
on measurement accuracy. 

3 Performance of the final force-reading devices, such as 
manometers and pressure instruments; but, because this covers 
well-trodden ground, it can be omitted in the interest of concise- 
ness. 


EFFecTIVE AREA OF NONMETALLIC DIAPHRAGMS 


The effective area of a nonmetallic diaphragm used as a force 
piston may be defined as that area which multiplied by the dif- 
ferential pressure acting on the entire diaphragm gives the true 
measure of the normal forces resisted by the diaphragm system. 
To bring this out clearly, consider the diaphragm in Fig. 8. Part 
of the hydrostatic diaphragm forces are balanced by the load W, 
and part are absorbed by the diaphragm clamp ring. Eaton and 
Buckingham’ have analyzed this situation. By assuming as they 


Fic. 8 SwHape or Srack* DiapHracms UnpER Various Loaps 


did that the diaphragm is a limp material incapable of force trans- 
mission, except by tension, it is easy to see (a) that all hydrostatic 
forces acting inside the dimension C must be transmitted to the 
load and all forces outside C are taken to the rim. It is readily 
seen that the diaphragm position in Fig. 8(a), has a smaller load- 
supporting area than that of Fig. 8(b), which in turn is less than 
that of Fig. 8(c). In other words, the effective area decreases as 
the weight is raised. Position, Fig. 8(b), is unique, according to 
Eaton and Buckingham, in that the effective areas of all slack 
diaphragms which could be installed in the given assembly are 
generally equal only at this point, which the present authors call 
the diaphragm neutral. The change of effective area with respect 
to displacement is a function of the depth of the cup or belly 
(refer to slackness ratio’), and the displacement from the neutral. 
In the neutral position the effective area is predictable within 
fairly close limits from the mean diameter (D + d)/2. 

Therefore the use of a slack diaphragm as a deflecting system 
connotes a nonlinear system. The degree of nonlinearity is a 
function of the diaphragm displacement from neutral and of the 
slackness ratio, other things being the same. 

Further, the ideal slack diaphragm of Eaton and Buckingham 
has a zero mechanical spring rate, that is, it is completely limp. 

The optimum conditions for reproducible use of a flexible dia- 
phragm for linear-force measurements are readily perceived. 
(1) The diaphragm should be used in its neutral position and not 


5 “Non-Metallic Diaphragms for Instruments,” by H. N. Eaton 
and C. T. Buckingham, NACA Report No. 206, 1924. 
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permitted to deflect. (2) Any diaphragm-spring forces should 
be a minimum in this position. (3) The slackness ratio should be 
high and not depend upon the manner of installation so that small 
displacements from the neutral will result in small and control- 
lableerrors. (4) Inelastic hysteresis effects can be eliminated by 
not permitting large displacements. 

The diaphragm employed in the present development consists 
of a molded fabric which is covered by rubber bonded to the 
fabric. ‘The diaphragm is relatively thick as compared with those 
discussed by Eaton and Buckingham, the assembly being approxi- 
mately 1/1 in. thick in the molded belly. 

However, such an assembly is capable of operating satisfac- 
torily at ratings up to 100 psi air pressure, which represents a load 
capacity of 100 psi of effective area or 11,600 lb for the unit in 
Fig. 2. 

The diaphragm has a finite spring rate and a definite area- 
displacement characteristic. Fig. 9 is a plot of experimental data 
on a diaphragm having a nominal area of 3.5 sq in., and a repro- 
ducible neutral area as molded of 3.53 sq in. Plotted against 
displacement from neutral are spring force and effective area 
determined at constant displacement. The error introduced by 
the change in the equivalent area with displacement is estimated 
quite readily. The effective-area curve is quite linear about the 
neutral point, and for 0.050-in. displacement on either side 
shows that the effective area changes at the rate of 0.1 sq in. for 
0.100-in. displacement, or 0.001 sq in. per 0.001-in. displacement. 
If the actual displacement under load is kept below, say, 0.005 
in. by the relay system, the limit of change of area will be 0.005 sq 
in., or under 1.5 parts per thousand. Since the displacement may 
be considered the result of over-all positioning and deflection 
characteristics of the system, the result is a slight decrease of ef- 
fective area, and the resultant measurement will be systematically 
high with respect to the neutral characteristic. 
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The diaphragm-spring force over the deflection interval around 
zero is 1.3 lb per in., or 0.013 lb per 0.001 in. For a 0.005-in. 
displacement, the diaphragm-spring force would be nearly 1 oz. 
For the case cited, this error happens to oppose the area-change 
error. However, the spring force of a rubber diaphragm is in- 
constant with temperature. Data on the variation of elastic prop- 
erties of rubber compounds has been given by J. D. Morron.¢ Fig. 


§“The Evaluation of Rubber and Rubber-Like Materials,’ by 
J. D. Morron, presented at the Semi-Annual Meeting, Detroit, Mich., 
June 16-19, 1946, of Tur American Socrery or MECHANICAL ENGI- . 
NEERS, 
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107 shows typical curves for Buna N which indicate that tem- 
perature changes down to 32 F will produce spring errors due to 
the stiffening of the rubber. However, these errors are quite neg- 
ligible in their effect on the measurement. For changes extending 
_ much below zero F, the resultant errors are more serious and can 

. produce instrument drifts of as high as 1 part in 500 from zero F 
to —30 F. 

When the measuring system is attached to an elastically sup- 
ported measuring stand such as in Fig. 3, the design of the partic- 
ular elastic system to give a negligible error for shifts in the 
mechanism producing an extraneous deflection of 0.003 in. was 
sufficient to insure satisfactory stability of calibration. Thus 
assume, in the 3.5-sq in. diaphragm system under discussion, 


BUNA N 


LOAD PSI. 


ELONGATION % 
Fig. 10 Typrcan TEMPERATURE Data on Buna N 


that the full-load output is 350 lb force. If the suspension is de- 
signed with, say, a force rate of 50 lb per in. in the direction of 
thrust, the force variation for 0.005 in. would be 4 oz. If the extra- 
neous displacement of the system is a pure and stable load func- 
tion, the effect on linearity is zero, the spring rate simply be- 
coming a small constant of the system. However, if the dis- 
placements are random, as might be caused by shifts in the entire 
measuring structure, handling these effects, which in the case 
cited could be as large as 1 part in 1400 of the full load, they may 
require careful attention when striving for the limit in accuracy. 
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As the instrument is essentially linear, such effects will show up 
directly as small zero shifts. 


Prtot-VALVE INFLUENCE 


The pilot-valve area may be taken as 0.01 sqin. The unbalance 
of the valve is a constant of the instrument but is subject to small 
variations associated with the absolute tightness of the valve. 
It has been ascertained experimentally that the parasitic valve 
effects may be kept satisfactorily low by limiting the minimum 
size of the measuring diaphragm to 3.5sqin. The critical over-all 
test of pilot-valve effect consists of subjecting the instrument to a 
10 per cent change in air-supply pressure. Resulting output 
change should not be readable. 


Laporatory Tests oF EFFECTIVE AREA 


Since the constraints operating on the diaphragm system itself 
are free of coulomb friction and lost motion, the sensitivity at all 
load points should be independent of the actual load. This turns 
out to be the case. For example, using a water manometer as the 
indicator, a repetitive deflection at any load point is readily ob- 
tained by applying a load of 1 part in 50,000 of the full load rat- 
ing. This figure was determined by the technique described more 
fully in the discussion of Figs. 11 and 12 which follows. This 
means that the limit of sensitivity is determined by the sensitivity 
of the external dynamometer system and the pressure-indicating 
system. While extreme sensitivity should not be confused with 
stable accuracy, high repetitive sensitivity is a valuable instru- 
ment characteristic in force-measurement systems because the 
frictional performance of the load-applying system can be most 
readily evaluated by use of a frictionless measuring system. 

A considerable number of field investigations have been made 
by users of this system which are generally confirmatory of the 
characteristics discussed. 

. Fig. 11 gives the results of laboratory studies made by the 
authors based on the following test method: If a hydrostatically 
loaded diaphragm of area equal to the measurement diaphragm is 
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used to apply full load to the measurement diaphragm, then a 
water manometer may be connected differentially across the two 
‘diaphragms and will assume a zero reading corresponding to the 
weight of the parts carried by the measurement diaphragm. 
The smallest weight added to the measurement diaphragm, which 
will give an additional deflection on the manometer, yields the 
sensitivity at the time when the measurement diaphragm is 
under its full rated load output. 

Fig. 12 shows the system schematically. A double unit is used, 
the lower unit being the measurement unit under test. The 
upper unit pilot valve is removed and the exhaust blanked. 
Air pressure is applied to the upper unit by means of a precision 
dead-end reducing valve, and the hydrostatic force is transmitted 
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to the lower unit which generates an output pressure, observed 
on a mercury manometer. A 100-in. water manometer is con- 
nected differentially between the upper and lower diaphragms. 
A test bar, carefully compared with class B weights and of a 
weight sufficient to give an output change of 70 in. of water on 
the measurement diaphragm, is then poised on the system. The 
application of the test weight causes the output of the system to 
increase, and the increase is read on the differential water manome- 
ter. The instantaneous effective area can be caleulated from 
these data and plotted against the observed mercury-manometer 
output, which gives the load point at which the effective area was 
determined. 

An investigation of the 60-sq in. unit was made, using the 
foregoing procedure over a 2-week period with the results shown 
in Fig. 11. This figure shows the mean-effective-area curve for 
the diaphragm, as determined from the individual daily runs 
which are also given. Between runs, maximum loads indicated 
were left on the instrument. No instrument adjustments were 
made during the test period, the principal object being to deter- 
mine the reproducibility of effective area over a relatively long 
time. Field tests generally confirm the character of these results. 

These results present a factual representation of the probable 
long-time stability of effective area and linearity characteristic, 
as determined by observations of a care and character found in 
industrial laboratories. 


OPERATING EXPERIENCE 


As mentioned, several hundred of these units have been placed 
in service. These installations have been used principally as test 
indicators and recorders on dynamometer systems of various 
kinds ranging from electric-cradle units to buzz-bomb and rocket- 
engine stands. Industrial applications have been very few and 
principally limited to automatic weigh-bin and conveyer opera- 
tion. 

The principal difficulties encountered in the applications of 
these units have been as follows: 


1 Mechanical troubles with the stabilizer units gave the most 
concern before complete liquid tightness and freedom from dia- 
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phragm breakage were finally achieved. It was found that in 
some cases the force arm lacked sufficient torsional rigidity, 
necessitating a design change on one frame size so that the stabiliz- 
ing force was applied in line with the applied force. 

2 It was found that occasionally a unit would be attached to 
a poorly designed testing mechanism, with the result that friction 
and lack of repetition would be attributed to the novel feature 
of the setup. An occasional unit would be badly installed or 
poorly adjusted. 

8 The probity of an instrument reading force on a mercury 
column or other pressure instrument had to be established to the 
satisfaction of the user of established methods, 


These experiences have not been one-sided by any means. 
The advantages of a simple frictionless diaphragm device using 
air and capable of the remote transmission, control, and record- 
ing of force measurements with acceptable accuracy have been 
sufficient to win a degree of acceptance by high-grade laboratories, 
which encourages further perseverance in this development. 


Discussion 


N. B. NicHoxs’ anp E. H. Woopuutt.* It is believed that a 
more detailed examination of the pilot-valve reactions is de- 
sirable inasmuch as any nonbleed-type pilot yet encountered 
by the writers has an inherent dead zone about the equilibrium 
position. Neglecting the secondary forces produced by Venturi 
effects caused by flow through the ports, the following force 
equations can be written for the pilot valve shown in Fig. 6 of the 
paper; with the exhaust port closed and the inlet port opened 
an infinitesimal distance 


I = Pay — Ag) + FAY 7 Po— Pal Ay — Agl ee 


With the inlet port closed and the exhaust port opened an in- 
finitesimal distance 


F,, F; = force applied to diaphragm by force arm 
Ap = effective area of diaphragm 
A, = area of inlet port 
A, = area of exhaust port : 
Fy = initial tension in valve spring e 
P, = supply pressure 
Py, = balancing air pressure 
AF = force dead zone 


The foregoing equations show that for a constant supply 
pressure and a given balancing pressure, the applied force can 
change by an amount 


PA; + Fo — P3[A; — Ag] 2c) e) ls) 41.6) “e/elinaie [4] 


without changing the balancing pressure. Further, it is seen that 
this dead zone is not a constant but consists of a constant minus 
an effective area imbalance. The position assumed by the valve 
in equilibrium is dependent upon the relative sealing of inlet 
and exhaust ports. If the inlet port will seal more perfectly than 
the exhaust port, it is necessary for the inlet port to open slightly 
for a constant balancing pressure to be maintained; hence force 
Equation [1] applies. Also, if the exhaust port seals more per- 


8 Director of Research, Taylor Instrument Companies, Rochester, 
ING MG 


9 Engineering Research Division, Taylor Instrument Companies. 
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fectly than the inlet port, the exhaust port must remain slightly 
open and force Equation [2] applies. As the result of wear, oil 
film, and dirt from the air supply, or slight changes in alignment 
of the valve pin, it is possible for the balancing pressure to come 
to rest at either extreme of the dead zone. Unless a fixed bleed 
is introduced so as always to require one port to remain slightly 
open, it is impossible to predict with certainty which port will be 
slightly open at the equilibrium balancing pressure even for 
successive operations. ; 

That such a dead zone actually exists in devices of this type 
has been determined experimentally numerous times by the 
writers by the following procedure: A constant loading force is 
applied to the diaphragm, and a constant flow of free air is metered 
into the balancing-pressure chamber from a separate pressure 
source. Air is bled to atmosphere from the chamber through~ 
an adjustable restriction and a flowmeter. The balancing 
pressure is measured with a manometer. By adjusting the re- 
striction across a range, data can be obtained for a plot of bal- 
ancing pressure versus net flow (either inlet or exhaust) to the 
chamber. It will be found that a change in the balancing pres- 
sure is required to cross from inlet to exhaust flow and that the 
magnitude can be predicted approximately by Equation [3] for 
this type of pilot-valve arrangement. 
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shows the general characteristic of such a measurement 
where point (1) is the condition expressed by force Equa~ 
tion [1] and point (2) the condition expressed by force 
Equation [2]. 

When the analysis of the pilot-valve dead zone is applied to the 
apparatus in Fig. 12 of the paper, the possibility arises that some 
error in the instantaneous effective-area measurement can re- 
sult unless a check is made to insure that the equilibrium position 
-of the valve is either (1) or (2) for allreadings. This is equivalent 
to saying that the ‘sensitivity’ should be checked for constancy 
before each reading. A rough estimate indicates that if the 
sensitivity may be taken as 1 part in 50,000 of full load rating 
for the example in Fig. 11 of the paper, a definite error in instan- 
taneous effective area will result if the pilot valve does not always 
assume the same position, either (1) or (2) in Fig. 13 herewith, 
for each reading. , 

The method of obtaining viscous damping is indeed very 
clever and, had the scope of paper permitted, a more detailed 
discussion of the damper and problems associated with various 
inertial loads would have been most interesting: 

This paper is considered a fine contribution to the industrial- 

instrurhents literature and the authors and their company are 


Fig. 13 of this discussion , 
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to be congratulated for furthering the development of force- 
measuring systems: 


AutuHors’ CLOSURE 


The discussion of Nichols and Woodhull amplifies the state- 
ments in the paper which deal with the effect of relay-valve 
parasitics on instrument accuracy and which state that exist- 
ence of such parasitics means that a measuring diaphragm area 
of 3.5 sq in. is about the minimum for which an instrument of the 
type described may be expected to operate in the fractional 
percentage-accuracy class. Many excellent industrial instru- 
ments of a one-per cent-accuracy class are constructed with 
smaller diaphragm areas. 

The mathematical analyses and experimental work described 
by the discussers are of course clear and correct as far as they 
go. However, the authors haveehad trouble in the interpretation 
of these results into terms of what Nichols and Woodhull call 
“dead zone and sensitivity.”” The,authors therefore will redefine 
dead zone and sensitivity as used in the paper. Sensitivity is 
defined as the smallest increment of the measured force which 
will produce a reproducible change in the steady state instrument 
reading. It is not to be confused with “controller sensitivity.” 
Dead. zone is more difficult to define but the authors will define 
this term as inversely synonomous with sensitivity. Again the 
controller definition should not be used; the subtlety involved 
is that a dead zone is often deliberately introduced into certain 
controller designs for practical reasons at variance with concepts 
of instrument accuracy. 

With this in mind, a satisfactory physical interpretation of the 
discussers’ equations and experiments is not too difficult. Equa- 
tion [1] is written “‘with the exhaust port closed and the inlet 
open an infinitesimal distance.’ This should be interpreted to 
mean the exhaust port seated but having leakage flow. With no 
exhaust leakage flow, the hypothesized condition would not cor- 
respond to a steady state, for the balancing pressure would con- 
tinue to build up to a maximum. What is meant, therefore, is 
simply assumption of a condition in which the valve rests on the 
exhaust seat. Equation [2] is similarly interpreted as the inlet 
end seated, with leakage flow. Further, these assumptions are 
to be regarded only as setting limits. There is no necessary dis- 
continuity between them. For example, the valve load) may 
theoretically be shared in any proportion between the two ports 
with leakage flows in both. 

Taking Equation [1] and applying a force increment to the 
left-hand side, it is seen immediately that the right-hand side 
can only equate by a change of ‘balancing pressure because the 
areas are constants and a change in the small spring force Fo is 
only brought about by valve motion and this connotes change in air 
pressure. Thus Equation [1] indicates zero dead zone and in- 
finite sensitivity. Similarly Equation [2] indicates the same 
thing. The correct inference is not that sensitivity or dead zone 
is involved but that Equations [38] and [4] indicate the magni- 
tude of possible instrument errors between the two cases. The 
discussers’ ingenious experiment may be used to verify this mag- 
nitude. In the ThrusTorg design, the pilot-valve action is quite 
free of the ambiguities theoretically possible by Equation [4]. 
The experimental condition of the discussers in which an auxil- 
iary air supply is introduced is only an experimental one since the 
actual instrument does not operate in this manner. The sugges- 
tion of introducing a positive air leak in the exhaust may not be 
without merit for some instruments using this valve principle. 
In the particular design of the paper, no great benefit is to be 
secured but on the other hand, the positional stiffness can be 
slightly impaired. 

The stabilizer design might warrant a separate paper because 
it is, as the discussers point out, interesting in its simplicity as 
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an example of a damped servo system. Such a paper would no 
doubt be instructional as it would cover the behavior of a very 
simple mechanical system oscillating at damped resonant fre- 


quencies. The lengthy treatment of the nonlinearities involved 
in the air spring and the relay valve precludes such an analysis 
in the present paper.. ‘ 


Apparatus for Analyzing Reservoir Fluids 


By P. G. EXLINE! ann H. J. En DEAN,? PITTSBURGH, PA. 


In the petroleum industry the examination of subsur- 
face samples of reservoir fluids has become a well-recog- 
nized procedure. Entirely satisfactory methods of samp- 
ling have been evolved. The authors have developed 
laboratory equipment designed to secure essential data 
with greater facility than hitherto has been possible. The 
apparatus is described and illustrated in some detail in 
the paper. 


INCE the pioneering work of Lindsly (1)3 in securing and 
examining subsurface samples of reservoir fluids, the recog- 
nition of the usefulness of this work has become widespread, 

and a substantial body of literature has been built up describing 
various techniques and applications. In this work, a reservoir 
fluid is understood to refer to the hydrocarbon liquids and gases 
as they exist in the producing formation. Samples of reservoir 
fluids may be secured by sampling with a specially designed bot- 
tom-hole sampler (1, 2, 3, 4) at the bottom of the well, or by 
taking samples of the liquid and gaseous phases in the proper 
ratios at the separator (5). Methods of securing suitable 
samples of either kind are described in the literature and require 
rather specialized techniques in order to secure representative 
samples. It is assumed without further discussion that with 
proper techniques satisfactory reservoir fluids may be placed in 
laboratory equipment for analysis whether the material was 
secured by bottom-hole sampling or by recombination of surface 
samples. 

The data to be secured from the fluid include the initial satura- 
tion pressure or bubble point, the gas solubility in the oil at reser- 
voir temperature and pressure and at intermediate pressures down 
to atmospheric, the per cent shrinkage of the liquid phase at 
reservoir temperature and pressure at various pressures down to 
atmospheric, the viscosity of the reservoir fluid as a function of 


pressure from reservoir pressure down to atmospheric pressure, 


- tion to permit use of various analysis techniques. 


the deviation factor of the liberated gases, the density of the 
fluid at reservoir pressure and temperature and at intermediate 
pressures. 

The apparatus described in this paper was designed to perform 
these functions on reservoir fluids secured by both methods of 
sampling and to recombine the surface samples. In so far as was 
possible, the apparatus was designed to be highly flexible in opera- 
Four essential 
features common to equipment for this purpose include a pressure- 
tight system suitable for working pressures up to the maximum 
pressures, means for varying the volume of the system, means 
for stirring the contents of the system, and ability to operate at 
temperatures as high as 350 F. Various shapes and sizes of 


_ pressure systems have been used by other investigators, some of 


them being the sampler itself which was used to collect the sample 


1 President, Exline Engineering Company, Mem. ASME.  For- 
me ly, S ction Engineer, Gulf Research & Development Company. 

2Section Engineer, Gulf Research & Development Company. 
Mem. ASME. 

3 Numbers in parentheses refer to the Bibliography at the end of 
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(, 2, 3, 5, 6, 7, 8,9). In the apparatus described, a rolling-ball 
viscometer is included as part of the pressure system. 

The usual method of altering the volume of the system has been 
to introduce or withdraw mercury from it. Since mercury does 
notenter into combination with the reservoir fluids nor is it soluble 
with them, it can be considered as an inert material conveniently 
capable of altering the system volume. It has several draw- 
backs, as follows, which are desirable to avoid if possible: (a) 
Mercury is perhaps the most difficult fluid to hold in a pressure 
system since it can leak through crevices which are impervious to 
other liquids and gases. (b) Although no apparent reaction takes 
place with some reservoir fluids, notably the sour crudes of the 
Permian Basin, the mercury becomes emulsified with the oil, 
requiring considerable labor to clean the apparatus and to re- 
cover the mercury following a run. In the present apparatus, 
the use of mercury for changing the volume of the system has 
been avoided by use of a variable-volume cell in which a metal 
piston, operating through a packer, is used for altering the vol- 
ume. 

The fluids in the pressure system usually have been stirred by 
shaking or rotating the pressure chamber, in order to get the 
necessary mixing action of the fluid. Especially when mercury 
is present, the fluid in a long cylindrical chamber will be violently 
stirred as the mercury is allowed to flow from one end to the 
other. In the apparatus described, a reciprocating pump with- 
draws fluid from the bottom of the variable-volume cell, pumps 
it through the system to return at the top of the cell where it is 
violently jetted downward toward the gas-liquid interface. This 
pump is operated by a magnetic solenoid and hence needs no 
mechanical parts operating through a pressure seal. 


Tue CoMPLETE PRESSURE SYSTEM 


A schematic diagram of the complete pressure system is shown 
in Fig. 1. This system can be described as being made up of three 
independent parts as follows: (a) The analysis section in which 
both the bottom-hole samples and recombined samples are ana- 
lyzed; (6b) the gas-compression system used for the quantitative 
injection of gas into the analysis system for recombination with 
the separator liquid in the correct proportion; (c) the pressure- 
indicating system for indicating the pressure within either of the 
other two systems during a test. The analysis section consists of 
the variable-volume cell, the viscometer, the magnetic pump, and 
the necessary connecting tubing. The variable-volume cell and 
the viscometer are enclosed in an insulated cabinet containing 
equipment for heating and circulating the air to maintain con- 
stant temperature. During a test run, the analysis system is iso- 
lated from the other two sections. 

The gas-compression system is composed of two pressure cham- 
bers and a high-pressure pump used for displacing mercury from 
one bomb into the other to compress the gas to be injected into 
the analysis section. The two reservoir bombs are identical with 
those used for the recombination experiments of Botset and 
Muskat (5). ; 

The pressure-indicating system consists of two Bourdon-tube 
pressure gages, one of 2000 psi range, and the other of 7500 psi 
range. These two gages are connected to the system in parallel 
so that the lower-range gage may be isolated when operating at 
pressures above 2000 psi. A hand pressure pump, consisting 
simply of a small screw-operated piston working through a packer, 
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ete Se ee cating system. The contact of the pressure transmitter is con- 
0 nected with an electronic relay which causes a pilot light to glow 
oe les when contact is made. i 
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is used for taking up volume changes in the indicating system 
which result from changes in pressure. Two pressure transmitters 
are used for isolating the indicating system from the analysis and 
gas-compression systems, respectively. The transmitter con- 
sists of a small mercury U-tube with an electrical contact in one 
leg. During a test, the mercury level is maintained at the con- 
tact point by manipulating the hand pressure pump. The pres- 
sure-indicating system is completely filled with a light hydraulic 
oil, and the displacement of the hand pressure pump need be only 
that required to compensate for the compression of the oil and 
the expansion of the Bourdon tubes and other parts of the indi- 
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ANALYSIS SYSTEM 


The principal components of the analysis system are the varia- 
ble-volume cell, viscometer, and the magnetic pump which are 
shown in Figs. 2, 3, and 4, respectively. 

Variable-Volume Cell. The variable-volume cell consists of a 


 heavy-walled tubular piece closed at one end and bolted to a 


section containing the packer through which the piston enters the 
cell. The cell assembly is supported from a heavy base (not 
shown in Fig. 2), which carries the mechanism for moving the 
piston. The clearance between the piston and the wall of 
the cell is large enough to permit fluid to flow past it freely to the 
lower outlet of the cell. One opening at the top is used for com- 
pleting the circuit through the other parts of the system while the 
other opening is used for withdrawing fluid from the system. A 
fourth opening at the center of the cell is used for injecting gas in 
the recombination experiments. Rotation of the piston is pre- 
vented by a guide working on diagonally opposite supporting 
posts. A heavy screw attached to the piston is given longitudinal 
motion by means of a rotating nut located between thrust bear- 
ings. Rotation of the nut is accomplished by means of a hand 
crank through a worm-and-gear combination. 

A piston motion of 1 in. causes a change in volume of 20 ce, 
and the gearing is such that this travel is produced by 200 revolu- 
tions of the hand crank. Volume changes are indicated by means 
of a counter located directly above the hand crank, both of which 
may be seen on the right side of the panel in Fig. 7. The counter 
is coupled to the crankshaft by means of a Selsyn transmitter 
and a receiver. A magnetic locking device prevents the crank 
from turning when the Selsyn units are not energized. In prac- 


tice, the counter is set to indicate the actual volume of the system - 


for a given piston position so that, subsequently, the true value 

can always be read from the counter. The counter indicates 

volume to 0.01 ce. : ; 
The design of the packer offered the greatest difficulty of any 
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. 
component in the variable-volume cell. The requirements for 
the packer are very stringent in that it must be absolutely leak- 
proof for both gas and oil at pressures up to 6000 psi, and tempera- 
tures as high as 350 F. Tests of commercial packing arrange- 
ments and compounds soon showed that they would be entirely 
inadequate for such service. The solution of the problem was 
found in the self-energizing packing having a U-cup section. 
This design was found to be satisfactory at low temperatures, and 
any one of a number of different synthetic-rubber compounds was 
used. The maximum temperature at which the best of these com- 
pounds could be used was approximately 235 F. Above this tem- 
perature, the material tended to re-form and to vulcanize to the 
piston and to the packing compartment. The only material found 
to withstand higher temperatures was “Teflon,” a recent du Pont 
development. While this material has met successfully all the 
temperature and pressure requirements, it does not have the 
resiliency of the synthetic-rubber compounds and requires ex- 
treme care in its manufacture and use. It has been our practice 
to use neoprene packers where temperatures do not exceed 200 F 
since their useful life is longer than that of Teflon. : 

Rolling-Ball Viscometer. The rolling-ball viscometer shown in 
Fig. 3 is a modification of that previously described by Exline 
and En Dean (10). Design modifications have been incorporated 
in the present instrument to secure greater reliability and trouble- 
free operation. 

The instrument consists essentially of a tubular pressure cham- 
ber containing a precision-bore glass tube through which a steel 
ball can roll with a known clearance. The ends of the pressure 
chamber are closed by end plugs, each containing a solenoid mag- 
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net whose core communicates with the interior of the chamber 
and is electrically insulated from the chamber. With the ball 
held in contact with one of the end plugs by the magnetic field, it 
completes an electrical contact from the end of the magnet, 
through the ball te the metalized end of the glass tube and 
thence to a spring contact in the wall of the chamber, Com- 
pletion of this electrical cireult energiaes an electronic relay which 
in turn controls a timing clock, The connection is such that the 
timing clock operates only when the contact cireuit is open. In 
operation, the instrument is given a definite angular displacement 
“by foreing one end of it against a cam which can be set to secure 
any one of four fixed angles, A switch is thrown de-energizing the 
upper magnet holding the ball which is then free to roll down the 
tube. As it leaves the contact, the electronic-relay 
opened and a timing clock is caused to start, When the ball trav- 


eireuit is 


erses the length of the tube and strikes the lower contact, the 
clock is thereby stopped, giving the reading of the roll time, 
The principal design change in the instrument proper is the use 
of a precision-bore glass tube as the viscometer tube rather than 
depending on the inner bore of the pressure chamber for this pur 
pose. In the past, diffieulty had been encountered in making a 
precision bore to duplicate another tube closely, Since a number 
of these units were to be constructed, it was felt desirable that 
they all have interchangeable parts and that the calibrations be as 
nearly identical as possible. Since a large number of glass tubes 
ean be formed over a single mandrel, their diameters can be held 
very closely to the same dimension without excessive expense, 
Tn the present design, the bore of the pressure chamber is drilled 
* somewhat larger than the outside diameter of the glass tube. In 
order to prevent Jeakage of fluid between the tube and the bore of 
the pressure chamber, an annular groove is machined te take a 
synthetic rubber O-ring which would fit closely ever the tube, 
making & perfeet seal. 

Electrical conductivity from the ball to the tube is obtained by 
metalising the inner, outer, and end surfaces of the glass tube for a 
distance of a Little more than one half of the diameter of the ball 
from the end of the tube. This metalizing is a recent develop- 
ment of the Corning Glass Com 


plant. A spring-loaded contact _ 


many and is carried out at its 


in is located in the wall of the 
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firmly against the metalized end of the glass tube, thus facilitating 
continuity of the electrical cireuit. 

Other modifications of the original instrument include removing 
the jacket for ciroulating the temperature-control liquid and the 
insulation. ‘This was done as it was found an air bath was much 
more convenient and satisfactory for temperature control, 

Fluid connections to the viscometer are located near each end 
plug so that fluid can be cireulated through the viscometer without 
trapping gas bubbles. While the circulating pump is operating; 
the tube is kept in an inclined position with the inlet at the lower 


Temperature Control. Fig. 6 shows the rear of the apparatus 
with the cover of the insulated cabinet removed. The variable- 
volume cell and the viscometer can be seen in the left portion of 
the cabinet which is separated from the plenum chamber to the 
blower by a baffle. The blower, which is driven by a motor 
mounted outside the cabinet, forces air into a duct containing a 
series of finned heaters, having a total capacity of 2500 w. The 
lower side of the duct contains a number of louvers for securing 
improved cireulation of air in the chamber. An adjustable ther- 
mostat protrudes into the cabinet for controlling the temperature, 
and the bulb of a thermometer, used for indicating the tempera- 
ture, can be seen directly above the thermostat. Improved tem- 
perature control is obtained by placing but a part of the heating 
lead on the thermostat. The voltage to the remainder of the 
heaters can be controlled by a variable-voltage transformer. 
Although the air temperature quickly reaches that for which the 
thermostat is set, its low heat-transfer coefficient requires that 1 hr 
or more pass before the heavy metal parts of the test elements 
reach that temperature. Once the correct temperature of the 
apparatus has been attained, any temporary disturbances of 
the air temperature are not perceptible in the temperature of the 
variable-volume cell or viscometer. 

Use of an air bath is preferable to an oil bath in that the parts 
are much more easily accessible, and higher temperatures can be 
reached without objectionable fumes or the danger of fire. 

Magnetic Pump, In quantitative analyses of this type where 
pressure and volume changes are produced in a system containing 
liquid and gas in contact, it is essential that a means of stirring or 
agitation be provided to assure equilibrium between the two 
phases, When the testing is conducted with a pressure system 
comprising interconnected pressure vessels, the most practical 
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tacthod of obtaining equilibrium is that of circulating the test 
fiuids. Any circulating device used must be absolutely pressure- 
tight and must cause no volume change of the system by its opera- 
tion. The magnetic Greulating pump shown in Pig. 4 was de- 
vAoped to fulfill these two requirements, 

The pump is essentially a plunger pump with a traveling valve 
cartes on a piston and 2 standing valve located in the pump body. 
The check valves are those commonly used in 4 1/s-in. oil-well 
pump with */-in. balls. The piston is sealed by means of a ermal) 
lesther cup packing. The piston is attached to a soft iron bar 
which is pulled up into 2 conical pole piece when the solenoid 
winding, surrounding the pump body, is energized, This motion 
will pull fiuid into the pump through the standing valve and at 
the same time force an equa) volume of fiuid out the upper con- 
necion to the puznp. Upon de-energizing the magnet, the plunger 
wil) fll by gravity, causing fiuid to pass through the traveling 
valve. The pump is driven by 100-volt direct current obtained 
by means of 2 commerdal rectifier, The current is interrupted by 
means A 2a nal) motor-driven tip switch which interrupts the 
current, at 2-see intervals, the off time being substantially longer 
than the on time. The displacement of the pump is approxi- 
- matcAy 3 ce per stroke, and the energy is such that differentia 
pressures 28 bigh 28 B00 psi can be built up. Each stroke is rapid 
enough that a pulse of finid is sent around the system and jets into 
| the variable-vlume cell with considerable velocity, thus stirring 
the liquid contained there. 

The magnctic punp is mounted outside the insulated cabinet to 
avi ovetnesting and damage to the winding The volume of 
fast contained in the pump is small, and the leads in and out of 
the cabinet are short so that the disturbance to the temperature 
A the system through operation of the pump is negligible. 


Gss-Comvznssion Sysreu 


The ges-compression system consists simply of two pressure 
chasaers: ~one, the ges-comupression chamber is shown in Fig. 5; 
the other, the reservoir bomb, is used for storing mercury which 
is Gieglaced into the compression chamber to compress the gas. 

The compression chamber is surrounded by 4 resistance-wire- 
wound hester aad an insulating jacket. A thermometer well is 
wAded isto the wall of the chamber and projects across the in- 
tefor. This holds 2 mercury-in-glass thermoregulator with a 
fixe sing of 212 ¥, which is used for controlling the temper- 
stare A the chassber. A controlled temperature is used for two 
purposes; 26 2 known reference temperature to be used in com- 
puting the gos volumes, and to prevent condensation of any of the 

Two insulated contact pins are located in the cover plate of the 
compression Chamber; one extending nearly to the bottom, and 
the cher terminating just below the cover. These are used for 
locating the meroury-gas interlace, and the volume contained be- 
trees two horizontal planes just touching the terminal points 
A the comack pins must be accurately known. 

The reserves bomb is of identical construction, except that it 
des ach have 2 thermometer well, being used at room tempera- 
taze. Wis cover contains but a single contact pin, terminating 
| dase ta the top. sh i used 10 indicate when the mereury reaches 
ie highest permissible level in the bomb. 

A seal mator-driven reciprocating pump is used for pumping 
A iat the top of the reservoir bomb to displace the mereury. 

Bocessonms 
| Doding All tabbing connections are dither */, in. OD XK */s5 in. 
ID, or */sim OD XK 4/5 im. ID. The heavier tubing is used 
wherever pusie becuse A tts rigidity. Where fexibility & re 
quitred, 28 in the leads wo the viscometer, the lighter tubing is 
wed Sine the viscometer must be rotated through an angle of 
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over 9 deg, the leads are bent into spirals centered about the axis 
of rotation to secure sufficient length to keep the bending stresses 
down to a safe value. . 

All end connections are identical, the smaller tubing having a 
1/-in-OD % */¢in-ID K Zin-long sleeve welded over either end. 
The ends are turned to 60-deg cones and threaded with 1/,-in. 
23 left-hand thread for+/2in. A connector nut is slipped over the 
tubing and a small collar threaded on the end. When the con- 
nector nut is screwed into the female fitting, the conical end of the 
tubing is forced into a mating cone, providing a metal-to-metal 
seal of smallarea. This design of connection was first developed 
at the Fixed Nitrogen Laboratory and is now finding widespread 
use due to its reliability and simplicity. A joint may be made 
and broken many times without affecting its ~performance. 

GasomAer. The gasometer, Fig. 8, for measuring the volumes 
of gas removed from the pressure has been described (3). _ It con- 
sists of a evlindrical holder having a re-entrant bottom which 
forme an annular space. This space is filled with mercury which 
acts 26 the sealing fiuid. An inverted bell is suspended by a thin 
metal tape which passes over a pulley to a counterbalance weight. 
The side of the pulley toward the weight is cut in a spiral so that 
as the bell rises the weight moves farther from the center of the 
pulley, thué compensating for the decrease in buoyancy as 
the imamersion in mercury decreases. A semicircular scale on the 
pulley indicates volume in co-operation with a vernier attached to 
the supporting post. The total capacity of the gasometer is 
0.0160 eu ft, which can be read to 0.0001 cu ft by means of the 
vernier. 

CALIBRATION 


The volumes of all parte of the system must be accurately de- 
termined. If the piston of the variable cell is accurately made, 
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ax ib must be, this is a relatively simple process, The piston is 
retracted to its lowest position, the counter set to any arbitrary 
value V\, and the system filled with dry nitrogen to pressure Pi, 
usually 200 or 800 psia, The piston is then run in an arbitrary 
amount AV, and the new pressure reading Pe, taken, Since ni- 
trogen is not an ideal gas, its deviation from ideal behavior must 
be taken into consideration, If 2%, is its deviation factor at P; and 
the temperature of the experiment, and Z, its deviation factor at 


Py and the same temperature, then - 
PV. PsVs i 
% 86 as 


In this equation, Vy is the total volume of the system with the 
piston in its initial position, and Vo the volume with the piston in 
its final position, However, ¥) —AV = Va, which ean be substi- 
tuted in Equation [U] to give 


\ ae i ibs AV) [2] 
* #2 Z\ 
Solving this equation for Vy gives 
AV 
} aera RE KS ARRAS 3 
Pa, [3] 
i Zs 


Tn practice, successive readings are taken while inserting the 
piston in stages to as high a pressure as desirable. Measurements 
axe also taken while withdrawing the piston, stopping at the same 
valuos of pressure observed on the upward trip. A discrepancy 
in the counter readings when returning to the initial pressure is 
an indication either of leakage or of a small temperature change. 
Table 1 shows a set of data taken during an actual calibration run, 


TABLE 1 VOLUME wohl IRA OF VARTIABLE-VOLUME 
CBLL 


> 


= observed pressures, absolute 


* B = barometer pressure, 20.21 in. He 
Z = deviation factor of nitrogen at P 
AY = volume change 
p Y = ¢aleulated volume vaniable-volume cell 

obs., Counter 

a) reading AY Zz V 
243.75 90710 2.90 0.9974 ts 
343.75 931.70 48.98 0.9967 160.84 
443 75 Q23.80 74.20 0.9961 160.84 
$43.73 GOB SS 90.15 0.9955 160.79 
643.72 SOS. Si 101.19 0.9954 160.89 
%43 73 $00.77 109.23 0.9960 160.95 
843.75 884.63 113.35 0.9960 160.94 
943.7 S7B..80 120.20 0.9960 160.97 
(O43 7S 875.938 124.07 0.9960 160.92 
943 75 879.73 120.22 0.9960 160.99 
843.75 $84.56 115.44 0.9960 161.07 
T4373 890.66 109 34 0. 98960 161.12 
643.73 SOS .64 101.36 0.9954 161.18 
S48 73 909.37 60.438 0.9955 161.30 
443.75 923.47 74.538 0.9961 161.57 
343.75 830.56 4935 0.9967 162.28 
243.75 065i 3.49 0.9974 an 


and the computed volumes. In each case, the initial readings 
were used for the starting conditions, and the AV was taken as the 
total volume change to that point. The agreement between the 
volumes calculated at the different stops is unusually good, 
although the greater weight should be given to‘the determi- 
nations using the larger steps. 

The only other significant calibration is that of the rolling-ball 
viscometer and this has been described elsewhere (10). This is 
done by observing the roll times when using fluids of known vis- 
eosity and density at atmospheric pressure. The assumption is 
made that any alteration of the dimensions of the glass tube and 
of the ball due to pressure is negligible. Previously, the cali- 
bration was shown as a series of curves with the absolute viscosity 
as ordinate plotted against Te, — »:) as abscissa; where T is the 
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roll time in seconds, p, the density of the ball, and p; that of the 
liquid. A different curve was given for each angle of inclination 
of the tube. However, in that work, both ball and’ tube were of 
metals having substantially the same coefficient of thermal ex- 
pansion. When a glass tube is used, the coefficients of expansion 
differ materially and a second parameter, temperature, is en- 
countered, 


CoNncLUSION 


Recent work by the senior author has indicated that it may be 
possible to construct the calibration of a rolling-ball viscometer 
from the dimensions of the apparatus alone. It is hoped that 
this can be made the subject of a future paper and that, for the 
sake of brevity, one of the results can be accepted without proof. 
This is that the velocity of the ball is proportional to the third 
power of the clearance between the ball and the tube. The ex- 
perimental work has shown this to be true for the small changes 
of clearance caused by differential thermal expansion. As a result 
of this work, the calibrations are now expressed as a series of 
equations which include the temperature as a variable and the 
angle of inclination as a parameter. A group of such equations is 
shown in Table 2. The four positions indicate the four possible 
angles of inclination, and, for each angle, an equation is given for 
three sizes of balls. The tube diameter is 0.640 in. 


TABLE 2. CONSTANTS FOR USE IN VISCOSITY COMPUTATIONS 


Viscometer No. GLX-1049 
— T(eB — eb) K 
1000 
roll time, see 
density of ball = 7.777 g per ce 
density of liquid, g per ce r ‘ 
viscometer constant, as computed from equations given in Table 
temperature, deg F 


Tube No. 1075: 


a) 
Weng 


3/s + 0.006-in. ball...... Position 2 K = 12.60 — 0.00896 t 
3K = 8.70 —0.00620¢ 
4K = 6.505 — 0.00465 ¢ 

$/s + 0.009-in. ball.... Position 2 K = 5.775 — 0.00525 ¢ 
3K = 3.980 — 0.00360 ¢ 
4K = 2.980 — 0.00270 t 

5/5 + 0.012-in. ball.... Position 2 K = 2.160 — 0.00270 ¢ 
3K = 1.482 — 0.00183 t 
4K = 1.112 — 0.00138 ¢ 

Tube No. 1078: 

5/s + 0.006-in. ball.... Position 2 K = 11.04 — 0.00820 ¢ 
3 K = 7.615 — 0.00565 ¢ 
4K = 5.69 — 0.00420 ¢ 

5/5 + 0.009-in. ball.... Position 2 K = 4.84 —0.00460¢ 
3K = 3.335 — 0.00315+¢ 

: 4K = 2.50 —0.00240¢ 

S/s + 0.012-in. ball..... Position2 K = 1.66 — 0.00220 ¢ 
3K = 1.147 — 0.00152 ¢ 
4K = .858 — 0.00114 ¢ 

Tube No. 1105: 

‘/s = 0.006-in. ball.... Position 2 K = 11.77 — 0.00860 ¢ 
3K = 8.12 —0.00590 ¢ 

: 4K = 6.075 — 0.00445 ¢ 

5/3 + 0.009-in. ball.... Position 2 K = 5.27 —0.00490¢ 

3K = 3.64 — 0.00340 ¢ 
, 4K = 2.71 —9.002502 

8/s + 0.012-in. ball.... Position 2 K = 1.88 —0.00240¢ 
3K = 1.295 —0.00165¢ 
4K = -973 — 0.00125 ¢ 


The method of introducing the sample into the pressure system 
needs no additional description here nor does the technique of re- 
combining surface samples which has been adequately described 
by Botset and Muskat (6). The sole purpose of the paper has 
been to describe the design features of an apparatus which is com- 
posed of a number of elements, some new and some previously de- 
scribed. 
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Discussion 


W. EH. Atiten.4 The writer will deal mainly with the use of 
the apparatus in a laboratory doing considerable routine bottom- 
hole sample analyses. We have one of these units at the Tulsa 
laboratory of the Gulf Oil Corporation, and although it has been 
in operation for a very short time, many advantages can be seen 
over the apparatus which was used in the past. 

Probably the greatest improvement is the elimination of the 
mercury from the analysissystem. As the authors point out, mer- 
cury is difficult to hold in a pressure system. However, our 
main objection is its tendency to emulsify with the oil. The 
degree of emulsification is different with every sample analyzed, 
but we have never run an analysis without some emulsion being 
present. This always led us to question the accuracy of oil 
volumes measured with a metering mercury pump, with mercury 
emulsion in the system. Withdrawal of mercury from the system 
into the metering pump is bad practice because of the danger of 
getting some of the emulsion in the pump. ‘The correction for 
the compressibility of the mercury is also eliminated from the 
volume calculations. 

The determination of the viscosity of the oil in conjunction with 
the differential liberation analysis results in a considerable saving 
in time, and there is always a direct correlation between the 
viscosity and the rest of the analysis. Frequent checking of the 
“roll time” of the viscometer ball is a good means of determining 
when equilibrium has been reached within the analysis system. 

The elimination of mercury from the analysis system plus the 
way in which it is calibrated makes it possible to tell by a glance 
at the counter dial, the exact volume of the system. This is 
helpful to the operator and permits him to make rough calcula- 
tions as he progresses through the analysis. It also eliminates 
the old method of determining the saturation point and saturated 
volume of an oil. The usual method was to compress from a 
two-phase to a single-phase system or expand from a single- 
phase to a two-phase system by known increments of volume and 
record the pressure change. Plotting pressure change versus 
volume change gave two straight lines, the intercept of which 
gave the saturation point and the saturated oil volume. The 
variable-volume cell referred to in the paper permits a differential 
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liberation analysis to be just that after the initial saturation 
point is determined. 

As previously mentioned, we have not had the unit a sufficient 
length of time to investigate fully all its possibilities in either 
routine analysis or reservoir work of a special nature. In spite of 
this, we are planning certain changes or improvements, whichever 
they may be called. The main purpose behind these changes is 
to make it possible for one man to operate the unit through the 
complete analysis. At present, two men are required at various 
times through the analysis and transfer procedure. 

One addition planned is to incorporate a needle valve in the 
block containing the pressure transmitter and place it so that the 
valve seats on the analysis-system side of the mercury U-tube. 
At present it is important to keep a fairly low pressure differential 
across the U-tube, lest the mercury be blown out due to too high 
a differential. This is mainly true during the transfer process or 
charging the analysis system with a sample. By closing the 
proposed valve, the U-tube is taken out of the system which 
eliminates the necessity of the operator’s trying to be in two place’ 
at the same time. 

It is also impossible to evacuate the analysis system without 
pulling the mercury from the U-tube with the present hookup. 
Although it is unnecessary to evacuate the system prior to charg- 
ing with a sample it may facilitate the cleaning operation follow- 
ing an analysis. 


Kennetu Erverts.’ There are two features of the apparatus 
described by the authors which have considerable novelty and, if 
they prove satisfactory in practice, will likely find application in 
equipment constructed for many other purposes. The use of 
an air bath for providing temperature control eliminates many 
of the inconveniences which attend the use of liquid baths. The 
U-cup packing which permits the use of a piston to change. the 
volume of the equilibrium cell not only avoids the use of trouble- 
some mercury for this purpose but provides for increased ver- 
satility in the design of variable-volume apparatus. 

Our research at the Bureau of Mines on phase equilibria of 
natural hydrocarbon systems has involved P-V-T measurements 
in the temperature range, — 100 to 280 F. Liquid baths are used 
to obtain the desired precision and uniformity in temperature 
control. However, to cover this temperature range, at least 
three bath liquids must be used so that they will have the neces- 
sary fluidity and yet be free from fire hazards. Connections to 
the apparatus and certain accessories are, of necessity, submerged 
in the bath liquid and are inaccessible until the bath liquid is 
drained away and perhaps even the bath compartment itself is 
removed. Valve stems, tubing connections, or other parts which 
must be passed through the bath wall to the apparatus, require 
packing glands in the bath wall that may leak and be a source 
of trouble, particularly in portable equipment. 

These design difficulties would not be present in an air bath 
like that described by the author. It is necessary that the panels 
comprising the bath compartment be only heat-insulated, and a 
bath could be designed so that a panel or panels could be removed 
to expose the apparatus for service operations from ‘any side or 
even from the bottom without undoing connections or destroying 
gaskets that would be essential if the bath held a liquid. If air 
or other gas baths can be constructed to provide adequate tem- ~ 
perature control, the design and maintenance of certain constant~ 
temperature apparatus will be greatly simplified. 

Mercury is a useful material in handling and studying hydro- 
carbons under pressure, but it does seem to leak and get in the 
wrong places on the slightest provocation. When scattered on 
floors and tables, it is a health hazard and a source of annoyance 


5 Senior Physical Chemist, Bureau of Mines, Bartlesville, Okla. 
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to operators who like to practice good housekeeping. The piston 
for changing the volume of the equilibrium cell designed by the 
authors will help in avoiding some of the troubles associated with 
the use of mercury. 

The piston makes possible an important design advantage. 
When mercury is used to vary the volume of a cell, it is not 
possible to locate in the bottom of the cell a window for viewing 
the phases or a valve for removing samples of the liquid phase, for 
example, because mercury pumped into the cell to provide a 
specific pressure may cover the window or valve. If the volume 
and pressure of a sample in the cell can be varied from the top 
by means of a piston, windows and valves can be located at some 
lower level in the cell with the prospect of their being in the 
correct location to study or sample satisfactorily a liquid phase 
obtained at any pressure. 

This feature is particularly important in work with gas-con- 
densate systems. The volume of the condensate varies con- 
siderably with pressure but, at reservoir temperatures, is only a 
small, fractional part of the total fluid (gas and liquid) volume. 
If the pressure on a fluid is varied between 5000 and 1000 psi 
by means of mercury, a shaJlow layer of condensate will float on 
the mercury surface as the surface is moved from some level near 
the top of the cell at high pressure to levels near the bottom of the 
cell at low pressures. The advantage of fitting a cell with a piston 
at the top would be that liquid hydrocarbons would collect and 
stay in one position at the bottom of the cell while pressure was 
being varied. 

Other advantages are possible with a piston for varying the cell 
volume but all of them will depend on the serviceability of the 
packing which permits its movement. The ideal packing must 
permit movement of the piston and not leak gas at any of the 
pressures and temperatures of operation. The self-energizing, 
U-cup packing developed by the authors is placed in their cell 
so that it will be covered by a relatively viscous, lubricating, 
liquid phase, if one is present. However, this type of packing 
might also give satisfactory service if mounted in the top or at 
some other position in the cell where it will be in contact with 
only a gas phase. 
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AutTuHors’ CLOSURE 


The discussions contributed by Mr. Allen and Dr. Eilerts are 
particularly esteemed because of the wide background of experi- 
ence in the analysis of reservoir fluids represented. Greater em- 
phasis is given to the salient features of the apparatus sought in 
its development, i.e., facilitation of routine operation by the 
combination of various components into a single unit with 
simplification of controls, elimination of mercury in the analysis 
system, and the cleanliness and convenience of the air bath for 
temperature control. 

The desirability of the isolating valve on the pressure trans- 
mitter described by Mr. Allen is recognized and the change has 
been incorporated in the apparatus. The original design of the 
transmitter used a steel ball floating on the mercury in the leg 
on the analysis side. A seat was provided at the top which could 
be closed by the ball as the mercury level rose to its maximum 
permissible height. However, the mercury thwarted our best 
efforts to produce a dependable tight seal at this point. 

The apparatus described was designed solely for use with 
heavy-oil systems. It is believed entirely feasible to construct a 
variable-volume cell for use with gas-condensate systems as pro- 
posed by Dr. Hilerts. During the testing and calibration of the 
apparatus gas was held under pressure for relatively long periods 
of time without benefit of a liquid in contact with the packer. 
A point which would require investigation is the loss of hydro- 
carbon gases through the packer. The permeability of rubber and 
other elastomers to hydrocarbon gases has been investigated by 
Stross, Riley, and Eby*® who present quantitative results of their 
tests. A very rough estimate based on their data indicates that 
normal butane might be expected to pass through the neoprene 
packer at a rate of 0.05 ml per min from a system filled with gas at 
5000 psi containing 10 per cent of butane. It is unlikely that such 
a loss would appreciably influence the tests but, if so, methods to 
combat it might be developed. 


6 **Permeation of Hydrocarbon Gases Through Rubber Tubing’’. 
by M. J. Stross, J. F. Riley, and H. M. Eby, Journal of the Institute 
of Petroleum, vol. 30, June, 1944, pp. 153-166. 
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The 2000-Psi, 1050 F, and 1000 F Reheat 


_ Cycle at the Philip Sporn and Twin Branch 


Steam-Electric Stations 


By PHILIP SPORN,! NEW YORK, N. Y. 


The economical generation of steam-electric energy is 
affected by such factors as site, fuel, cycle, and equip- 
ment. A discussion of these basic factors serves as intro- 
duction toa description of the program involving the addi- 
tion of 525,000 kw of generating capacity to the Central 
System of the American Gas and Electric Company at the 
Tidd, Philip Sporn, and Twin Branch Steam-Electric Sta- 
tions. The discussion of the design employing 2000-psi 
1050 F initial temperature with 1000 F reheat at the Philip 
Sporn Plant includes the location of the plant on the sys- 
tem, features of the site, the heat cycle, turbine, boiler, 
and plant layout. A net plant heat rate of 9270 Btu per 
net kwhr output is expected. 


FUNDAMENTAL Basis FOR ECONOMICAL GENERATION OF STEAM- 
ELEctRic ENERGY 


Introduction. The American Gas and Electric power systems, 
and more particularly the Central System, have almost from their 
inception been concerned with the economical generation of 
steam-electric energy as the foundation for a soundly conceived 
and successful electric-utility system. Elsewhere there have 
previously been described the developments at Philo (1),? where 
a 600-psi 725 F cycle with 725 F reheat was introduced in 1923; 
Deepwater (2), the first new station designed for 1250 psi opera- 
tion; Logan (3), the first-planned postdepression major topping 
operation; Twin Branch No. 3 (4), the first successful 2500-psi 
installation in the United States; and Missouri Avenue No. 7 
(5), the first commercial 1000 F unit. In that cycle there de- 
finitely also belongs Tidd Unit No. 1 (6, 7, 8, 9, 10), which fol- 
lowed Twin Branch No. 3, but which because of wartime exi- 
gencies could not take advantage of Twin Branch No. 3 ex- 
perience and thus advance on that. Tidd No. 2, now under con- 
struction, likewise could not be designed as a forward step in 
generation technology—the need to get capacity on the line in 
the minimum possible period made substantial duplication al- 
most mandatory. 

But with the gain of a breathing ‘spell brought about by con- 
struction of Tidd No. 2 and with the greater freedom to plan new 
facilities in ‘equipment that the postwar period brought in, it 
became possible to try again to move forward on the front of 
economical energy generation by steam-electric processes. This, 
it is believed, has been at least partially accomplished success- 
fully by the installations at Philip Sporn (Nos. 1 and 2) and at 
Twin Branch (No. 5) Stations. In each of these cases effort has 


1 President, American Gas and Electric Service Corporation. 
Fellow ASME. p 

2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Power Division and presented at the Annual 
Meeting, Atlantic City, N. J., December 1-5, 1947, of Top AMERICAN 
Society or MEcHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Paper No. 47—A-87. 


been directed to combine in optimum fashion the elements of site, 
eycle, fuel, and equipment. Each of these fundamental elements 
warrants further discussion. 

Site Considerations. Offhand, it would appear that the selec- 
tion of a site adequate for a power-station development is not an 
involved affair and that adequacy from the standpoint of area, 
condensing water, and location above flood plane are perhaps 
all one has to be concerned about. But this is a superficial view, 
for besides the factors enumerated, the following should also be 
considered: Location relative to present and future load centers 
and power flow on transmission lines; foundation conditions; 
amount of reasonably flat area available without moving roads or 
railroads, or moving large quantities of earth; railroad connec- 
tions; transmission requirements for handling output; availa- 
bility of economical coal supply; and ash-disposal facilities. 
Perhaps these are merely subsidiary themes to the main theme— 
location, but they are so important that they can be treated 
independently. There are, besides, lesser requirements for an ideal 
site. These are housing facilities for operating personnel, and 
tax costs. But the enumeration of the foregoing ought to be 
enough to indicate clearly the nature of the problem and to show 
why an exploration of a hundred miles or so of a typical river will 
frequently disclose, instead of the expected score or more of favor- 
able locations, not more than perhaps two or three first-rate plant 
sites. 

Fuel. As pointed out in the foregoing, fuel is a most essential 
element of site analysis and consideration. Yet fuel itself has an 
independent basis for study and examination. It should be 
apparent, for example, that a fundamental for developing the 
most economical energy supply is the need to exploit the lowest 
over-all fuel cost. This, however, does not mean necessarily the 
lowest-cost fuel in every case, and certainly not the lowest-cost 
fuel at the mine. It might, for example, definitely indicate the 
necessity for exploiting a high-quality fuel at locations at con- 
siderable distances from the mine; conversely, it might indicate 
the need, if the plant were located close to the mining regions, of 
exploiting a fuel of the very lowest quality—perhaps one that 
would have no commercial value if freight had to be added to its 
cost at mine. But this, in turn, raises the inevitable problem of 
making a determination as to whether to locate a power plant 
as close to the source of fuel as possible which will make lower 
fuel cost available but which will have added transmission cost. 
In contrast, it might be at some distance from the mine with 
higher transportation cost but lower electricity transmission cost. 
No answer will of course be attempted in this paper to this basic 
problem (11), but this needs to be emphasized: That the cost 
of fuel represents in most cases something between 70 and 85 per 
cent of the total production cost of energy at the bus bars. It 
seems inconceivable that a plant can be designed soundly without 
a thorough exploration of the fuel problem and a determination 
not only of what is available in the way of fuels, or what might 
be made available, but also without a study and determination 
of the probable trend of fuel costs over a reasonable period into 
the future. 
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Equipment. The type of equipment best suited for a particu- 
lar development would obviously depend primarily on the sys- 
tem for which it is going to furnish the energy. For example, 
such questions as the size of unit, the pressure and temperature 
employed, and the cycle chosen will depend to a considerable ex- 
tent on the fuel that can be developed, on the projected trend of 
fuel cost, and on the system and therefore to a considerable ex- 
tent also on planned load factor. But there are still other factors 
that are bound to influence the choice of equipment. For ex- 
ample, if the system in question has a large proportion of indus- 
trial load and if it is the intention of those responsible for the 
policies of the company to continue to foster and develop such 
load, such a conviction must be reflected in the equipment in the 
power plant and the efficiency with which such equipment can 
produce electric energy. After all, it is inconceivable that 
central-station service can compete with isolated generation in 
the long run if central-station service is not on at least a par with 
performance being obtained by industrial plants. If such think- 
ing is projected to its logical conclusion, and if recognition is 
given to the fact that there is no way of keeping from industry 
the benefits from developments by electric-utility systems of 
economies in generation, it follows that such advantages that a 
utility system derives from advances in the art of generation 
ean be maintained only by continuing to be in the forefront of 
progress in the art. 

It is pertinent, perhaps, to make the observation here that there 
has been a considerable amount of questioning of economies to 
be obtained from the successful development on a commercial 
scale of generation at higher pressures and temperatures, and 
therefore at higher thermal efficiency. Unquestionably, thermal 
efficiency alone can never be a proper objective in a successful 
commercial operation. But the developments in power genera- 
tion over the last quarter of a century at least have clearly shown 
the economic benefit of more efficient generation. Looking back 
historically, it is now clear that many of those who have ques- 
tioned the economies of more efficient generation have merely been 
slow in acknowledging the economic benefits that have flowed 
from such new developments. It is true that in holding back, 
many have been able to take advantage of the development work 
carried out and the concomitant headaches borne by others. 
But such a course can hardly be recommended as part of a pro- 
gram and philosophy of advancing technology to the end of 
achieving economic gain. 


GENERATION Capacity ADDITIONS ON CENTRAL SYSTEM OF 
AMERICAN Gas anD ELectric Company 


Basis for Capacity Additions. The principal or basic reason 
for the determination to proceed with the capacity additions 
discussed here was growth of load, or expected growth. This is 
the predominant reason for most capacity-addition projects and 
therefore presents nothing new. What is new, however, is 
judging the time factor—the time when it was expected the new 
capacity would be needed. When, early in 1946, the load and ca- 
pacity situations on the system were reviewed, it seemed to be 
quite clear that no additional capacity would be required until 
sometime in the fall of 1949. This judgment seemed to be 
strongly corroborated by the fact that a large addition of capac- 
ity—100,000-kw Tidd Unit No. 1—had been brought on the line 
in September, 1945, at a period past the time when the all-time 
war peak load had been met. However, by early spring of 1946 
it was apparent that the expected contraction of load in the post 
V-J period had been overestimated and that new capacity would 
be required by the early summer of 1948. To meet this schedule, 
the addition would have to be made at a location where such 
speed would be possible. This, in turn, pointed to a location where 
material and equipment specifications were already available. 
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Hence the decision to place the next capacity addition at Tidd. 
The fact that the only necessary transmission capacity for de- 
livering it to the system could be provided by a simple double- 
circuiting operation of an existing double-circuit line between 
Tidd and Canton, Ohio, helped in this decision. 

Subsequent further studies of the load and capacity situation 
on the Central System led to further revisions upward of the ex- 
pected loads to be met in the succeeding four years. This, 
coupled with the further lengthening out of deliveries, led to the 
decision to proceed with the installation of Twin Branch Unit 
No. 5 and Philip Sporn Units Nos. 1 and 2. It was expected 
that with the placing into service of the last of these units, all the 
requirements for load on the Central System through the winter 
of 1950-1951 would be met. i 

Program of Capacity Additions, Their Location, and Trans- 
mission Connections. The program finally developed consists of 
the blocks of capacity additions as outlined in Table 1. 


TABLE 1 
————— Capacity ¢ 

Location Nominal Feeder capability Date of completion 
Tidd No. 2 100,000 kw 112,500 kw August, 1948 
Twin Branch 

No. 5 125,000 kw 137,500 kw April, 1949 
Philip Sporn 

No. 1 125,000 kw 137,500 kw July, 1949 
Philip Sporn 

No. 2 125,000 kw 137,500 kw July, 1950 


The location of this capacity on the system, including some of 
the new transmission facilities required to bring it into the sys- 
tem and deliver it to load centers, is shown on the map, Fig. 1. 
It has already been indicated that the only transmission change 
involved in connecting Tidd Unit No. 2 to the system is the 
double-circuiting of an existing line between Tidd-and Canton. 
In Table 2 are shown all the additional transmission lines re- 
quired to place the entire block of 525,000-kw capacity on the 
system. 


TABLE 2 
Line Voltage Tower miles Circuit mile 
Twin Branch-Fort Wayne 132 kv 82 82 
Tidd-Torrey 132 kv 6 56 
Sporn-Portsmouth 132 kv 65 65 
Sporn-Philo 132 kv 7 14 
Sporn-Turner 132 kv ri 14 
Sporn-South Point 132 kv 15 30 


This represents a total estimated cost of $4,410,000 or a total cost 
per kilowatt net capacity involving the entire program, including 
Tidd, of $8.40. 


Capacity ADDITION aT Tipp 


The subject of this paper being the 2000-psi, 1050 F, 1000 F 
reheat additions at Twin Branch and Philip Sporn, no attempt 
will be made to give an engineering discussion of the Tidd Station. 
The original Tidd Plant and the Unit No. 1 installation have been 
described elsewhere (6, 7, 8, 9, 10). The plant was definitely 
a wartime development and the engineering reflects to a con- 
siderable extent the limitations that power-plant designers and 
erectors were subject to during the wartime period. Neverthe- 
less, Tidd No. 1 was designed to emphasize low capacity cost and 
economy in operation and has, it is believed, demonstrated ad- 
vances in that direction. The plant is ideally located from the 
standpoint of load center, fuel, and water; the performance of 
Unit No. 1 has amply demonstrated these facts. In the planning 
of Unit No. 2 advantage was taken of that experience and a good 
many features of Unit No. 1 were duplicated. This is true of the 
turbine and of the heat cycle. But by the time Unit No. 2 came 
along, a considerable change had taken place in the price level 
of equipment and materials and therefore a number of major 
innovations were made to combat in so far as possible the rising 
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trend in costs. Included among these are the adoption of a single 
boiler for an output of 120,000 kw, a more shallow condenser 
pit, a totally different arrangement of step-up transformers, mak- 
ing possible more economical foundation construction and a 
lesser cable cost, and a number of other changes, all of which were 
of material help in counterbalancing to a considerable extent the 
rising cost factors. But because of the speed with which the job 
had to be brought on the line, no major change, either in cycle 
or in equipment, except in the boiler, was made from Unit No. 1, 
and the next major step in economical development of generation 
was left for Twin Branch Unit No. 5 and for the Philip Sporn 
Station. 


Capacitry ADDITION AT TWIN BRANCH STATION 


Of all of the major stations on the Central System, Twin 
Branch is the most poorly located from the standpoint of fuel, that 
is, it is the farthest in location from the center of mining and it 
has therefore the highest freight rate. Nevertheless, the de- 
cision which was made to install another unit at Twin Branch 
was sound, it was concluded, for the following principal reasons: 
1, The large saving in transmission investment that was pos- 
sible; 2, it represented an incremental installation—perhaps the 
last increment’ that could be made at Twin Branch within the 
limits imposed by the circulating-water facilities; 3, the present 
addition of Unit No. 5 at Twin Branch fitted into a future pro- 
gram of developing an additional power-plant site in Indiana 
situated nearer local coal supplies, the development of the Philip 
Sporn Station, and the interconnection facilities between Ohio 
and Indiana. 


Because Unit No. 5 at Twin Branch is similar from a stand- 
point of equipment, cycle, and basic arrangement, to the equip- 
ment, cycle, and arrangement followed at Philip Sporn, no space 
will be devoted to any discussion of these features at Twin Branch; 
the discussion later given of these features at Philip Sporn will 
apply almost equally well to the Twin Branch Station. 


PHILIP SPORN STATION 


Location and Organization. Fig. 1 shows the location of Philip 
Sporn Station on the Ohio River at the boundary of the two larg- 
est groups in the Central System—The Ohio Power Company 
and Appalachian Electric Power Company. Further, being 
located so close to the Portsmouth-Trenton-Muncie line, it is 
brought into juxtaposition to the system of Indiana and Michigan 
Electric Company. Thus the station could have been made a 
joint station for not only Ohio Power and Appalachian Electric 
Power, but for Indiana and Michigan Electric likewise. That a 
final decision was reached to make it a joint station of only the 
first two of these companies was due to a number of factors, among 
which are the balancing of the economics of locating a block of 
capacity at Twin Branch, and the decision to ultimately develop 
the additional new site in Indiana. But it needs to be emphasized 
that there is no basic physical or economic handicap to preclude 
such a triple-joint arrangement in the future. 

From an ownership standpoint, the station will be so laid out 
that clear lines of demarcation of ownership can be established 
between the two parties to the joint operating agreement. This, 
however, does not mean that any duplication of facilities will 
be resorted to. On the contrary, every advantage will be taken 
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of the larger scale of operations a joint plant makes possible, to 
obtain all the economies for the two parties to the joint operating 
arrangement that could have been obtained in a single job of 
the same magnitude as the joint operation. 

Site Features. The site itself consists of approximately 275 
acres with 6000 ft of frontage on the Ohio River, see Fig. 2 
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Here, too, are shown the location of contiguous coal reserves in 
Ohio and in West Virginia amounting to approximately 22,340 
acres and an estimated 132,000,000 tons of coal. This contiguity 
extends to the coal on the Ohio side because of the ownership of a 
sufficiently large block of connecting coal under the river bed of the 
Ohio River. The river at that point is not only navigable with 
9 ft slack water navigation channel, but has a minimum flow of 
about 2200 cfs so that there is no question about the adequacy 
of the site for the development of a plant of at least three times 
the size of the present project. Furthermore, the coal reserves 
available give ample assurance of adequacy of economic coal 
supply with a minimum of transportation cost, both in the pres- 
ent and in the future, for a period extending over the depreciable 
life of the plant. The extent of that coal supply and its con- 
tiguity to the plant give further assurance that developments in 
underground gasification, if they should materialize, can be ex- 
ploited in the future for such savings as may become possible. 
Thus the site seems to meet every requirement for economical 
generation discussed in the earlier part of the paper. 

The Heat Cycle. The 2000-psi, 1050 F initial temperature, 1000 
F reheat cycle that was adopted is shown in Fig. 3. In developing 
this cycle the major objective was optimum financial return, 
taking into consideration not merely economy of fuel but also re- 
liability, for fuel economy means little to a plant that is shut 
down. 

The heat rate at a net plant output of 141,000 kw is estimated 
at 9270 Btu per net kwhr output with an expected 90 per cent 
boiler efficiency. This is a better heat rate than has been in- 
corporated into any steam-electric station up to the present time. 

In studying the economic possibilities of the various cycles, 
there was no question that a regenerative-reheat cycle offered the 
best heat performance. This led to comparative cost estimates 
of reheat versus nonreheat, with the balance in favor of reheat. 
As finally adopted, reheat gave roughly 5 per cent better heat 
rate, with a higher first cost of about 2 per cent. Needless to say, 
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this makes the reheat cycle for this station a most attractive in- 
vestment. ” 

Although the condenser is being designed for minimum con- 
densate refrigeration and 0.03 cc per liter oxygen content at rated 
load, a deaerator to operate under positive pressure is being in- 
stalled to insure thorough deaeration of the feedwater even under 
extreme load changes. In the past, the source of air in-leakage 
to condensers and other oxygen contamination of condensate 
has been difficult to track down completely, and the incremental 
cost of a deaerator over the equivalent closed heater is felt to be 
good insurance against boiler corrosion which, in turn, would 
adversely affect plant reliability. 

Only six stages of bleed heating are used to achieve a final 
feedwater temperature of 441 F. Because of the large size of the 
installation, gland steam leak-off condensers and a separate evapo- 
rator condenser were found to be justified. Placing the heater 
drain pump on the 18th-stage heater was found more economical 
than on the 20th-stage heater which cascades its drips to the 
condenser. 

The means used to cool the main generator is another emt 
of the effort made to incorporate high reliability in the cycle. 
After leaving the condenser, a portion of the condensate is passed 
through the generator hydrogen coolers. The purpose is to 
preclude the frequent cleaning of the hydrogen coolers which 
would result if river water were used. After heavy rains the 
Ohio River is extremely turbid and the silt combines with leaves 
and twigs to plug tubes and small openings with a feltlike mat. 
It usually is satisfactory to use river water to cool equipment that 
may be cleaned without occasioning a plant shutdown, but with 
the particular type of hydrogen coolers available for the low-pres- 
sure generators, cleaning cannot be readily accomplished with- 
out losing generator capacity. 

Although condensate temperatures are sufficiently low during 
winter months to cool the hydrogen and the generator, condensate 
temperatures are too high during the summer. A conden- 
sate cooler is therefore provided in which river water cools the 
condensate to the degree required in the summer. However, 
even after passing through the hydrogen coolers, the water is 
still cooler than in the main condensate stream. Therefore 
the cool condensate is sent to the suction of the hydrogen-cooler 
pump to pass again through the hydrogen cooler to condensate 
cooler to pump cycle. The cool condensate in this cycle “floats” 
on the main condensate stream but does not mix with it. Thus 
not only is the objective of reliability attained, but also fuel 
economy, since the main condensate stream is not cooled off by the 
cooler condensate in this subcycle. 

Turbine and Its Features. The new cross-compound turbine is 
a new combination of high-pressure and low-pressure turbines. 
The 3600-rpm high-pressure element has a rating of 35,000 kw 
and a capability of 42,000 kw. Its throttle conditions are 2000 
psig, 1050 F. The two emergency stop valves as well as the 
turbine inner shell will be chrome-nickel-molybdenum, colum- 
bium stabilized. The turbine outer shell will be molybdenum- 
vanadium. 

The 1800-rpm low-pressure element has an intermediate- 
pressure turbine in tandem with a double-flow low-pressure sec- 
tion. The whole is rated at 95,000 kw with a capability of 
108,000 kw, and its generator will be almost identical with 
those at Glen Lyn No. 5 and Tidd No. 1 and No. 2. The inter- 
mediate-pressure section receives steam from the reheater at 375 
psig, 1000 F, and exhausts at about 8 psia to the double-flow 
low-pressure section. Its high-temperature parts will be of 
molybdenum-vanadium. 

Among the features that improve the reliability and safety of 
these turbines are the following: Protection against sudden tem- 
perature changes by an initial-pressure regulator; protection 
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against excessive starting speeds by a two-speed, motor-oper- 
ated, synchronizing device on the main operating governor; 
automatic steam-seal regulator and unloading valve; and auto- 
‘ matic low-vacuum trip. 

Boiler, The total heat input of 1,300,000,000 Btu per hr to 
produce 150,000 kw gross generation, makes the boiler one of 
the largest, if not the largest from the standpoint of net input that 
has been projected anywhere. It is designed for maximum con- 
tinuous steam output of 935,000 lb per hr at 2035 psig, 1050 F 
at the superheater outlet. A temperature of 1050 F will be main- 
tained between 850,000 to 925,000 lb per hr by an attemperator 
between the primary and secondary portions of the superheater. 

After passing through the high-pressure turbine, the steam will 
be exhausted at about 400 psi, and some 850,000 lb per hr will be 
returned at 650 F to the reheater where it will be raised to 1000 F. 
This temperature will be maintained at 1000 F between flows of 
750,000 and 850,000 lb per hr by an attemperator just before the 
inlet header to the reheater. 

Flue gases discharged from the Ljungstrém air heaters go into 
the stack at about 285 F. The 12-in-long cold-end layer of the 
air heater will be made of Cor Ten steel, which, together with re- 
covery of air heated by boiler-room radiation losses, will resist 
corrosion caused by the low flue-gas temperature. 

Five coal pulverizers will be furnished for each boiler. There 
will be ten burners per boiler of the multiple-intertube type. 
These fire vertically downward into the completely water-cooled 
tangent-tube furnace. The furnace is divided laterally by a cur- 
tain wall of bare tubes which serve to provide a substantial incre- 
ment of cooling surface to realize reasonable heat-release rates. 
The curtain wall tubes are staggered in groups in the lower portion 
of the furnace to permit ready equalization of furnace pressures. 

Another outstanding feature will be the attempt to run with- 
out induced-draft fans. To do this the entire casing will be made 
tight for a furnace pressure of 15 in. of water. However, induced- 
draft fans will be installed in case this forward step in the art of 
coal burning is not successful. 

Electrical Arrangement. The electrical arrangement is shown 
diagrammatically in Fig. 4. The outstanding feature of the 
whole is its extreme simplicity: A 3-phase 52,500 and two 62- 
500-kva 3-phase transformers step up the high-pressure generator, 
and the two windings of the low-pressure generator, to 132,000 
volts through a single switch to each of the two 132,000-volt 
buses. No low-voltage switches or buses are employed. Auxil- 
iary power is furnished by two 6000/8000-kva transformers 
connected one to each of the two low-pressure generator windings 
and stepping down to 2300 volts. Seven feeders at 132,000 volts 
take the output of the station to the system. Each of these is 
switched through a single oil switch operable on either the main 
or the reserve bus. 

Special Features. Prominent among factors that make for low- 
cost power generation is availability. Although it has been 
mentioned before in this paper, it can bear repeating that high 
thermal efficiency means little to a plant that is shut down. It 
is felt that availability must be inherent in the design of the 
equipment and its layout.in the plant rather than merely provid- 
ing a duplicate ora spare. True, availability must be correlated 
closely with plant investment as too much can be spent to avoid 
an outage. The designer keeps in mind that, after all, the plant 
is connected to a highly developed and reliable transmission 
system. 

Being conscious that coal from strip mines must often be ac- 
cepted, a straight down spout from the coal bunker to the pul- 
verizer mill feeder will preclude hang-ups. To facilitate this lay- 
out no coal scales will be installed for individual boilers, but all 
incoming coal for the entire station will be weighed while on the 
belt. 
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Four mills will ordinarily carry the load of one boiler; the fifth 
mill: will act either as a spare to permit repairs on other mills, or 
may be called into service when the coal is of such poor quality 
that boiler capacity may be endangered. 

It is trite to say that a clean plant is usually an efficient plant. 
It is likewise correct to say that a clean plant makes for low main- 
tenance cost. This comes about in many ways, such as less 
cleaning of motors, relays, exposed threads on valves and last, 
but not least, the morale of the operating and maintenance force 
and their attitude toward the plant and their work. So it is 
natural that special effort be made to design for a clean plant in 
the many little design details in which this can be done. For ex- 
ample, a major source of dust and dirt within a plant is the ex- 
pansion joints in the hot-air ducts between Ljungstrém air heat- 
ers and the burners. In the Philip Sporn plant all hot-air ducts 
under pressure will be welded, and bellows-type expansion joints 
will replace the usual slip-type joints. 

Initially, outside air will be brought in on the windward river 
side of the plant at a point where the cleanest air should be ob- | 
tained by taking advantage of prevailing winds. Such air will 
be distributed throughout the boiler room and condenser pit by 
two large ventilating ducts on each side of the elevator shaft. 
This clean air will be distributed throughout the boiler room to | 
pick up heat and force dirty dust-laden air to the forced-draft | 
fans, this action being aided by. natural thermal air currents. 
Provision is being made to install air filters in the future, should 
these prove necessary. 

Throughout the design, cognizance is taken that the plant 
operating organization has been brought down to the almost 
irreducible minimum, and that one of the major remaining prob- 
lems of the designer is reduction of the maintenance organization 
which frequently has outgrown the operating organization in num- 
bers. Reduction of maintenance organization automatically in- 
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volves optimum station availability and low maintenance cost. 
An outage of efficient equipment costs money by necessitating 
operation of submarginal equipment, besides the cost of fixing 
the failure. 

The central control room that proved so successful at Tidd 
Unit No. 1 will be repeated at Philip Sporn as there is little doubt 
that the incremental cost of centralized control over decentralized 
control is warranted by the simplification of organization and re- 
duction of outage time after trip-out. 

Full condenser backwashing will be provided as the Ohio 
River becomes so extremely turbid after heavy rains. Long 
experience with other stations on that river has indicated that re- 
volving screens are insufficient to cope with keeping condensers 
in operation under such conditions. It is possible to reverse 
the flow completely through each half of the condenser, thus 
removing the accumulation of leaves and leaf stems that become 
woven into a feltlike mat on the condenser tube sheet. Experi- 
ence at the Windsor, Glen Lyn, Tidd, and Philo plants indicates 
no really satisfactory alternative to full-capacity backwashing. 

Station Arrangement. The station cross section, Fig. 3, shows a 
compact and simple plant arrangement. For example, there are 
few plants in which the hot-air duct between air heater and fur- 
nace is as short or which so greatly simplifies the plant layout. 

The steelwork is simplified by placing the stack over the coal 
bunker rather than over the boilers, making it possible to install 
the dust collector in a simple and economical layout. 

As was the case at Tidd, the two center units of the ultimate 
six-unit plant are being installed to make it possible to place 
the office, machine shop, and storage facilities in the center of 
the plant, while the future extensions will be two units to the 
north side and another two units to the south. 

Instead of an auxiliary bay between the boiler and the turbine, . 
the auxiliaries will be placed between the two boilers. These 


auxiliaries are bleed heaters, evaporators, deaerators, and boiler 
feed pumps. ‘ 

As Fig. 3 also clearly shows, the main power transformers 
have been placed immediately behind the riverward wall of the 
turbine room. This not only makes for the shortest possible 
leads between generator and transformer, but makes possible 
also an ideal location for auxiliary transformers. Structurally, 
too, this provides a very low-cost support for the heavy weights 
involved. 

The design of Tidd No. 2, Philip Sporn Nos. 1 and 2, and Twin 
Branch No. 5 is being handled by the American Gas and Electric 
Service Corporation which is also supervising all of the construc- 
tion operations. 
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Axial-Flow Compressors for Gas Turbines 


By A. I. PONOMAREFF;,! LESTER, PA. 


The development of the gas turbine during the last 
decade has opened a new field for compressor application. 
The compressor is an essential component of every gas- 
turbine power plant. It delivers air at some elevated pres- 
sure to the burner in sufficient quantity to maintain an 
efficient combustion of fuel and to cool the products of 
combustion to some acceptable temperature at the tur- 
bine inlet. The axial-flow compressor is particularly 
adaptable to gas-turbine applications for aviation, marine, 
or land service. This paper deals with the operating prin- 
ciples, characteristics, types, and other data pertaining to 
the axial-flow compressor. 


NOMENCLATURE 


The following nomenclature is used in the paper: 
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= mean relative velocity, fps 

= lift coefficient 

= ratio of specific heats 
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= speed, rpm 

= inlet pressure, psia 

= intermediate pressure, psia 

= discharge pressure, psia 
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= blade pitch, ft 

= absolute temperature, deg R 

= absolute inlet temperature, deg R 

= absolute discharge temperature, deg R 

= standard temperature, degF * 

= blade speed, fps 
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1 Manager, Pump and Blower Engineering Section, Steam Division, 
Westinghouse Electric Corporation. Mem. ASME. 

Contributed by the Gas Turbine Power Division and presented 
at the Annual Meeting, Atlantic City, N. J., December 1-5, 1947, 
of Tur American Society or MrcHANICcCAL ENGINEERS. 

, Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 47—A-28. 


inlet-flow angle; between relative velocity entering ro- 
» tating row and axis of rotation 
kinematic viscosity sq ft per sec 


INTRODUCTION 


When applied to a gas-turbine plant, the compressor must 
meet very rigid specifications. The compressor absorbs roughly 
about two thirds of the power developed by the turbine, and its 
efficiency therefore is of paramount importance. Fig. 1 shows 
the effect of the compressor efficiency on the over-all efficiency of 
an open-cycle gas turbine operating at various pressure ratios. 
The large amount of excess air necessary for cooling the products 
of combustion requires a large volume of air to be handled by the 
compressor even for a gas-turbine plant of relatively small out- 
put. For a marine application, the compressor must be light in 
weight and occupy small space, while for aviation service it must 
have a small frontal area as well. 
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Fig. 1 Errect or Compressor EFFricIeENcy ON NONREGENERATIVE 
OpEen-CyYcLe EFFICIENCY 


The axial-flow compressor fits in exceptionally well as a com- 
ponent part of any gas-turbine power plant for aviation, marine, 
or land applications. It is a high-efficiency, high-capacity, and 
high-speed machine. 


PRINCIPLES oF AxIAL-FLOW COMPRESSOR 


An axial-flow compressor in construction, resembles the familiar 
reaction steam turbine. However, there is a material difference 
in the fundamental dynamics of the flow associated with these 
two machines. In a steam turbine the blade path is arranged 
for an expanding or accelerating flow; in a compressor, for a dif- 
fusing or retarding flow. In the expanding passage of a turbine 
the pressure decreases jn the direction of the flow, and the 
boundary layer is continuously supplied with energy to accelerate 
the gas particles, which have been slowed down by friction, thus 
producing a stable flow. In a diffusing passage of a compressor, 
the flow is inherently unstable. With a negative pressure gra- 
dient, the pressure forces are acting in a direction opposite to the 
flow, and tend to retard further the gas particles in the boundary 
layer, producing eddying and backflow. 
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In an axial-flow compressor, air or gas flows in a general axial 
direction through a bladed annulus concentric with the axis of 
rotation. In the rotating row of blades, the air or gas is de- 
flected through a small angle in the direction of rotation. This 
change in direction of the flow is accompanied by a decrease in 
relative velocity with resultant pressure rise through diffusion. 
Due to the unstable nature of the flow in a compressor, only a 
small change in direction of the flow or pressure rise is possible 
across a stage. Hence a large number of stages are required to 
obtain even a small compression ratio. The necessity for small 
turning angles across a stage compels the axial-flow-compressor 
designer to discard already developed steam-turbine blades and 
seek new aerodynamic sections.? 

While the condensing steam turbine for the pressure ratio of 
500:1 or over is in common usage, the pressure ratio above 7:1 
is seldom developed in one compressor cylinder without resorting 
to intercooling. 

Intercooling. In compressor applications involving relatively 
large pressure ratios, it is the usual practice to employ two or more 
compressors in series with intercoolers between. Intercooling 
between the compressor stages makes the compression approach 
somewhat the isothermal process, resulting in a considerable re- 
duction in the power required. In a gas-turbine power plant, 
the saving in power required to drive the compressor due to the 
subdivision of compression and intercooling does not result in 
a corresponding improvement in the fuel rate or cycle efficiency. 
In a simple (no regeneration) open-cycle gas-turbine power plant, 
for instance, the improvement in cycle efficiency is so small that 
the introduction of an intercooler in many cases cannot be justi- 
fied. Ina regenerative cycle, a substantial improvement in cycle 
efficiency may be obtained through intercooled compression and 
it is a general practice to use at least one intercooler. 


2 “The Characteristics of 78 Related Airfoil Sections From Tests in 
the Variable-Density Wind Tunnel,’’ by E. N. Jacobs, K. E. Ward, 
and R. M. Pinkerton, U. 8. National Advisory Committee for Aero- 
nautics, Report No. 460, 1933. 
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A d@nvenient method of analyzing the effect of intercooling on | 
both the work and efficiency of the over-all cycle is to analyze the 


small intercooled portion of the entire cycle as a separate cycle 
after which its work and efficiency may be added to the original ff 


cycle without intercooling, and the combined effect estimated. 

Subdivision of compression ratio into two equal parts with — 
intercooling after the first-stage compressor results in a minimum 
work of compression. In a gas-turbine power plant, however, 
such division of the compression does not result in the best cycle 
efficiency unless 100 per cent regeneration is employed. The best 
division of compression ratio for the maximum improvement in 
the cycle efficiency depends upon the over-all cycle efficiency and 
amount of regeneration employed. Fig. 2 shows the optimum 
ratio of the compression ratio of the high-pressure-stage to that 
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(Pi = initial pressure, abs; P2 = intermediate pressure, abs; Ps = final 
pressure, abs; Ri = low-pressure cylinder pressure ratio; R2 = high-pressure 
cylinder pressure ratio.) 


hoa of the low-pressure-stage compressor for 


various cycle efficiencies and degrees of 
regeneration. 
Characteristic Curves. For evaluation 
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of the usefulness of a compressor, its 
performance is usually presented in the 
form of characteristic curves such as 
shown in Fig. 3 for the Westinghouse 
9-stage axial-flow compressor, Fig. 4, in- 
stalled in 1946 in the aviation gas tur- 
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bine laboratory to supercharge another 
24-stage axial-flow compressor, Fig. 5. 
The curves in Fig. 3 show the pressure 
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is used for compressor tests, the effi- 
ciency is usually based upon the pressure 
and temperature measurements at the 
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Fic. 3 CHARACTERISTICS oF 9-STace Ax1aL-FLOw CoMPRESSOR 
(Test results based upon 14.7 psia and 80 F inlet-air conditions.) 


compressor inlet and discharge hoods, 
and an isentropic temperature rise, Fig. 
6, for the corresponding pressure ratio 
and air-inlet temperature. This isen- 
tropic, sometimes called adiabatic, effi- 
ciency may be expressed as follows 
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Fic. 4 Cross-SectionaL View or 9-Stace Axiat-FLow COMPRESSOR 
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Fic. 5 INSTALLATION VIEW OF AxIAL-FLOW COMPRESSORS 
(2:1 at left arranged to supercharge 4:1 at right.) 
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Fie. 6 Isentropic TEMPERATURE AND ENTHALPY RISE FOR AIR 


(Data from the ‘‘Thermodynamic Properties of Air,’”? by J. H. Keenan and 
Joseph Kaye, 1945.) 
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In actual applications the compressor may be subjected to 
operation over a wide range of inlet pressure and temperature 
conditions, which will affect its performance materially. The 
turbojet compressor, for instance, must operate at an inlet- 
temperature range from that existing on the ground to —67 F 
at 40,000 ft elevation, and the pressure range from atmospheric 
to 2.7 psia. In order to correlate the compressor performance 
under variable inlet conditions, the following expressions are 
used for variables involved in the compressor characteristic 
curves 


Mass flow: WV/0/8.........00.00- [2] 
Volumetric flow: Q/V/0.........0.......[8] 
Speed: N/V/6..........00.2- [4] 

Power: HP/5*/@.........0..000: [5] 


where 6 is ratio of the temperature to an arbitrarily selected 
standard temperature and 64 is the ratio of the inlet pressure to the 
selected standard pressure. The standard temperature and 
pressure may be those of the design conditions or any others, 
such as, standard sea-level conditions of 59 F and 29.92 in, Hg 
abs adopted by the National Advisory Committee for Aeronau- 
tics. The foregoing expressions are derived from the laws of 
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similitude, and it can be proved that these relations are correct 
over a wide range of operating conditions, if variations in the 
value of the gas constant and Reynolds number are neglected. 

The compressor operating range at various efficiency levels may 
be conveniently represented by contour lines of equal efficiencies 
on the pressure ratio - flow plot, as shown in Fig. 3. Axial-flow 
compressors of a moderate or high pressure ratio exhibit steep 
pressure-flow curves, This may impose some limitations as to 
the operating range for a constant-speed application. In gas- 
turbine applications, where the temperature and speed control 
rather than flow control is used, the operating range at any given 
speed is very narrow and the axial-flow compressor is well adapted. 
In Fig. 7 the operating range of the 2000-hp gas-turbine generator 
unit? for the temperature limits between 1000 and 1300 F is rep- 
resented by two system pressure ratio - flow lines superimposed 
on the characteristic curves of its own compressor. 
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Tests of this unit up to date indicate that this 20-stage axial- 
flow compressor develops the maximum efficiency of about 86 per 
cent at 7200 rpm. The compressor efficiency at any other speed 
above or below 7200 rpm is somewhat lower. The reduction in 
the compressor efficiency at the lower speeds is due to operation 
of the individual stages off the design velocity ratio, while at the 
higher speeds the effect of a high Mach number is responsible for 
the decline of the compressor efficiency. 

The operating pressure ratio - flow lines of a variable-speed gas- 
turbine power-plant system do not follow the line of the com- 
pressor maximum efficiency but usually cross it at about the 
design speed, Fig. 7, and approach the ‘“‘limit of stability line” 
at somewhat lower speed. The limit of stability line sometimes 
referred to as “‘surge line,” or ‘pumping limit” is formed by the 
points on the pressure ratio - flow curves at which the compressor 
ceases to develop a steady discharge pressure. Surges in dis- 
charge pressure, accompanied by a large increase in noise and 
mechanical vibration characteristic of operation beyond this 
point, sometimes prohibit operation of compressor at the higher 
speeds. 

Stall and Limit of Stability. An airfoil subjected to flow at 
some small angle of attack will develop a lift force. This lift 
force will increase with increase of the angle of attack until at 
some critical angle the maximum lift force is attained. With 


3 “A 2000-Horsepower Gas-Turbine Generator Set,” by Thomas 
J. Putz. Presented at the ASME Annual Meeting, New York, 
N. Y., December 2-6, (1946, 
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the flow at angles of attack above this critical value, detachment 
of flow from the surface of the air foil commences at the trailing 
edge of the convex side with a resultant decrease in the lift force. 
The airfoil then is said to begin to ‘‘stall.’”’ With further in- 
crease of the angle of attack the flow separation progresses toward 
the leading edge with a larger decrease in the lift force. 

The pressure rise across an axial-flow compressor stage has a 
definite relation to the lift force of the blade section used (Equa- 
tion [6]) and varies with the angle of attack. Referring to a 
pressure-capacity (flow) curve of a compressor stage at a constant 
speed, Fig. 8, the large capacity and therefore high relative 
velocity Pesca to the small angles of attack and small pres- 
sure rise. * With the decrease in flow (relative velocity), the angle 
of attack increases with a resultant higher pressure rise. At the 
capacity some 20 per cent below that corresponding to the maxi- 
mum efficiency of the stage, the flow and angle of attack reach 
their critical value,and a further decrease in capacity results in flow 
separation from the convex surface of the blade and a drop in 
pressure. 

In a diffusing flow passage formed by two adjacent blades of 
an axial-flow compressor stage the detachment of flow from the 
blade surface results in a reversal of flow due to negative pressure 
gradient. This separation also destroys locally the radial equilib- 
rium in the stage and establishes radial flow due to the centrifugal 
force. 

Compressors usually operate in a system in which the flow is 
some function of pressure. The flow in such a system establishes 
the pressure against which the compressor must operate. During 
the operation at the critical angle of attack, the drop in pressure 
due to flow separation is accompanied by a reduction of delivery 
to the system as a result of radial and backflow in the compressor 
itself. This momentarily re-establishes flow equilibrium which is 
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destroyed again as the system permits the original flow and pres- 
sure conditions. This cycle is repeated with a frequency de- 
pending upon the character of the system of which the compressor 
is a part. 

Laboratory investigations of the flow in some axial-flow com- 
pressor stages operating beyond the stability limit indicate that, 
after the flow separation has progressed to cover almost the entire 
blade surface, a strong reverse flow at the outer periphery of the 
stage is established. Under these conditions the pressure rise 
due to the centrifugal force is usually sufficient to balance the 
system pressure at the levels above the maximum attained by the 
stage at the limit of stability, and the operation becomes stable 
and free of pressure pulsation again. 

The apparent stabilizing effect of a steady reverse flow during 
the operation beyond the stability limit led the author’s company 
to the development of a special suction ring, Fig. 9. This suc- 
tion ring when applied on the suction side of an axial-flow stage 


Fig. 9 ARRANGEMENT OF SucTION RinG INSTALLED TO STABILIZE 
OPERATION OF AXIAL-FLOW BLOWER 


prevents recirculation of the reversed flow air across the rotating 
row, eliminates pulsation of the pressure, and is responsible for 
producing a slowly rising pressure-capacity curve throughout the 
zone of instability, as shown by a dash line in Fig. 8. The use 
of such a suction ring made possible the installation of a very large 
number of single-stage axial-flow blowers for forced-draft applica- 
tion on ships of the U. 8. Navy, under a rigid specification in re- 
spect to the stability of operation over the entire range from the 
shutoff to the maximum delivery. The suction ring was applied 
successfully to two- and three-stage axial-flow blowers, designed 
for static pressures in excess of 100 in. of water. The application 
of a modified form of such suction ring to a multistage axial-flow 
compressor is being investigated. Fig. 10 shows the character- 
istic curve at a constant speed obtained from the tests of a three- 
stage axial-flow blower. ‘ 

The inherent instability of an axial-flow compressor during the 
operation beyond the limit of stability line does not present a 
major problem when such compressor is used in a gas-turbine 
power plant. Usually it is possible to arrange a by-pass control 
on a compressor or a temperature control in the gas turbine to 
keep operating conditions within the limits of stable operation. 
Furthermore, compressor proportions can be selected so that the 
operating system line always lies under the limit of stability line 
or crosses it at low speeds where the pressure surges are mild and 
safe. 
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Types or AxtaL-FLoOw CoMPRESSORS 


In the design of an axial-flow compressor a great many dif- 
ferent arrangements of blades and velocity diagrams may be 
employed effectively. Axial-flow compressors which have been 
used successfully here and in Europe may be classified broadly 
into two types; symmetric or constant reaction, and nonsym- 
metric or vortex. The nonsymmetric-stage blading may be 
arranged for air to enter the rotating row either axially or with a 
swirl in the direction opposite to rotation. The orientation of 
rotating and stationary-row blades, velocity vectors, and pres- 
sure rise characteristics for, symmetric and two types of non- 
symmetric stages are shown in Fig. 11. For the purpose of il- 
lustration of their salient characteristics, the same blade form 
for the rotating rows and equal values of axial velocities are as- 
sumed for each type. Under these conditions the blade section 
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of the rotating row will produce the same pressure rise for ail ff 
three types, and the stage performance can be compared on the 
basis of the blade speed and the reaction of the stationary blades. J 
Symmetric-Stage Compressor. In a symmetric stage, often re- 
ferred to as constant reaction, air enters the rotating row with an J 
initial swirl in the direction of rotation. The orientation of the | 
blades and their sections in the rotating and stationary rows on 
the same diameter are identical but mirror images. Fig. 11. 
shows that the vectors of absolute air velocities entering, Ci, and 
leaving, Cs, the rotating row are symmetrical with the relative — 
velocities C, and C3, indicating that the pressure rise in the sta-_ 
tionary row is equal to that obtained in the rotating row. The 
equal pressure rise in the rotating and stationary rows leads to 
still another name for the symmetric-stage compressor, namely, — 
50 per cent reaction. } 
In the symmetric type of compressor, the initial swirl in the 
direction of rotation permits the use of high air velocities and 
blade speeds without producing high velocities relative to the 
rotating blades which may be detrimental to compressor effi- 
ciency as a result of Mach number effect. The aerodynamic de- 
sign of this type of compressor requires a higher axial velocity at 
the base of the blade, which tends to produce an equal relative 
velocity or Mach number along the blade height. Blade-tip 
speeds exceeding the velocity of sound, and axial air velocities — 
up to 700 fps have been employed successfully by designers of © 
the symmetric type of compressor. High air velocities and blade- 
tip speeds of symmetric compressors result in small over-all 
dimensions and high rotative speeds, while a large pressure rise 
in stationary blades keeps at a minimum the number of stages 
required for a given pressure ratio. These features make the 
symmetric compressor highly suitable for aviation gas-turbine ' 
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applications. The 19-in. turbojet built by the author’s com- 
pany and used by the U. 8. Navy to power the McDonnell FD1 
“Phantom” is a good example of such an application, Fig. 12 
In this 19-in. turbojet, a six-stage 153/,-in-tip-diam symmetric- 
type compressor delivers 25,000 cfm of air at a pressure ratio of 
3.5:1 when operating at a speed of 18,000 rpm. 

In the field of land transportation and in marine applications 
where high efficiency and reliability throughout a long operating 
life rather than small weight and frontal area are of the utmost 
importance, the symmetric compressor does not occupy the lead- 
ing position. High axial air velocities result in high leaving 
losses and unfavorable blade aspect ratio. High pressure rise 
across the stationary rows requires an intricate sealing arrange- 
ment to reduce leakage and to eliminate the flow disturbance at 
the base of rotating blades. These features and, perhaps, the 
extreme complexity of flow pattern of the symmetric type of 
compressor are responsible for selection of the vortex or non- 
symmetric type of compressor design for many gas-turbine power 
- plants for land and marine applications. 

Nonsymmetric-Stage Compressor. In a nonsymmetric stage, 
the vectors representing the absolute air velocities entering and 
leaving the stationary row are not symmetrical with those repre- 
senting the relative velocities C2, and C; in Fig. 11. The blade 
sections in the rotating row are arranged to produce a constant 
axial velocity and constant work at all diameters of the stage. 
As a result of this the absolute tangential component (swirl) is 
made to vary inversely as the diameter, in a manner similar to 
the so-called ‘‘free-vortex”” motion of fluid in an unrestricted 
space. The conditions of the free-vortex flow may be found in 
the following types of nonsymmetric stages: 


1 Axial inlet stage. 
2 Vortex inlet flow stage. 


In (1) the air enters the rotating stage axially and the free- 
vortex flow is established after the rotating row. In (2) the 
free-vortex flow is established by the stationary row by im- 
parting a tangential component (inversely as the diameter) in 
direction opposite to rotation. In this case the air leaves the 
rotating row axially. 

Axial Inlet Stage. In this type of nonsymmetric compressor 
the stationary blades are designed to give a pure axial flow at the 
exit, and the sections of the rotating blades are oriented to pro- 
duce a swirl the magnitude of which varies inversely as the 
diameter. The pressure rise in the stationary row, obtained 
through removal of the swirling component of the air. velocity is 
very small, and this compressor stage is at times referred to as a 
“ten per cent reaction,” which implies that only 10 per cent of 
_ the stage pressure rise is obtained in the stationary row. Small 


. speeds suitable for direct drive by a gas turbine. 


pressure rise across the stationary rows permits the use of con- 
stant-Section stationary blades, as well as the omission of the inter- 
stage seals with but a small sacrifice in the over-all compressor 
efficiency. 

Axial velocities up to 400 fps and blade speeds up to 750 fps 
are used with this type of compressor. These relatively low 
axial velocities and blade speeds are conducive to the lower 
leaving losses, good blade aspect ratio, and moderate rotative 
The experi- 
mental 2000-hp gas-turbine generator unit of the author’s com- 
pany, Figs. 13 and 14, is served by a 20-stage nonsymmetric com- 
pressor of this type. Simplicity of the flow pattern and design 
make this type of stage very attractive for use on single-stage 
applications, such as blowers and ventilating fans. The recent 
tests of the 9-stage compressor of this type indicated efficiencies 
up to 88 per cent. 

Vortex Inlet Stage. In this type of nonsymmetric compressor 
the blades in the stationary rows are arranged to produce a swirl 
in a direction opposite to rotation. The blades in the rotating 
rows are designed to remove this swirl and re-establish axial 
velocity at the entrance to the stationary row of the succeeding 
stage. Inspection of the velocity triangles in Fig. 11 shows that 
high relative velocities may be obtained even with low axial 
velocities and blade speeds. Adverse effects of high Mach 
number limit the velocities and blade speeds of this type of com- 
pressor stage to very low values. Axial velocities as low as 200 
fps, and blade speeds below 500 fps are common. 

Low axial velocities and blade speeds result in large dimensions 
and low rotating speeds. These features make this type of com- 
pressor extremely suitable for the low volumetric capacities which 
are encountered in closed-cycle gas-turbine applications where 
the air enters the compressor at some elevated pressure. The 
Escher Wyss-AK closed-cycle turbines, described by Keller,‘ are 
served by the vortex-inlet-stage compressors. 

Negative reaction or pressure drop in the stationary rows, 
and limitations as to the velocities result in a larger number of 
stages as compared with the other types of axial-flow compressor. 
The large number of stages, however, does not reflect too un- 
favorably on the axial length of the compressor as the low blade 
speeds and loading permit the use of smaller blade chords. A 
favorable blade aspect ratio, low air velocity at the discharge 
from the last stage, and relatively small effect of radial blade 
clearances contribute to the high efficiencies obtainable on this 
type of nonsymmetric compressor. 


4“The Escher Wyss-AK Closed-Cycle Turbine, Its Actual 
Development and Future Prospects,’’ by Curt Keller, Trans. ASME, 
vol. 68, 1946, pp. 791-812. 
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Facrors AFFECTING PERFORMANCE OF AXIAL-FLOW COMPRESSOR 


The volumetric flow, pressure-generating capacity, and the 
efficiency of an axial-flow compressor with any chosen type 
of velocity diagram, depend upon many variables. Some of 
these variables affect the compressor performance because of the 
geometric configuration of blades in the stages, while the others 
do so because of the dynamics of the fluid flow established by the 
arrangement of the blades and their speeds. Among these 
variables the most important are the following: (1) Velocity 
ratio; (2) blade spacing; (3) hub-tip diameter ratio and blade 
aspect ratio; (4) reheat; (5) Mach number; (6) Reynolds num- 
ber. 

Velocity Ratio. It is well known that the relation between the 
fluid velocity and blade speed of a steam or hydraulic turbine 
determines the basic efficiency of the machine. In a similar way 
the ratio of the air velocity to blade speed has a pronounced 
effect on the efficiency of the axial-flow compressor. 

In the design of an axial-flow compressor for a given flow, 
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pressure ratio, and speed, a favorable velocity ratio, conducive 
to the maximum efficiency, is usually selected for all stages by 
an arbitrary assignment of the axial velocities and blade speeds. 
With the selected axial air velocities, the flow area in all stages 
is established from the pressure and temperature conditions at 
each stage. During operation at reduced speeds the compressor 
discharge pressure falls very rapidly with the speed, and the 
volumetric flow through the compressor stages does not decrease 
as rapidly. Since the flow area is proportioned for the design 
speed and compression ratio, this results in a progressive increase 
in the velocity ratio from the first to the last compressor stage 
with a resultant drop in the compressor over-all efficiency as 
shown in Figs. 3 and 7. The operation of the individual com- 
pressor stages when off their design velocity ratios results also 
in the flatter pressure-flow characteristic curves at the reduced 
speeds. 

At the design speed the axial velocities and amount of turning 
corresponding to the assigned velocity diagrams at various 
diameters of the compressor stage are obtained through the 
orientation of the blade sections at the proper angle with the axis 
of rotation (stagger angle), and the selection of the correct blade- 
camber angle (illustrated in nomenclature). This usually 
leads to twisted blades of a variable camber for both rotating and 
stationary rows, while the blade-stress considerations dictate 
blade sections tapered in area from the base to tip. 

Pitch-Chord Ratio. In an axial-flow compressor the blade 
section, stagger angle, and pitch-chord ratio describe completely 
the geometry of the air-flow path in the rotating and stationary 
rows. The staggerangle y (see nomenclature) or orientation 
of the blade in respect to the axis of rotation, determines the 
magnitude of the axial air velocity. The camber angle @ of the 
blade section sets the amount of turning which this section will 
produce. In an axial-flow compressor the amount of turning 
which the given camber can produce depends to a large extent 
upon the spacing between two adjacent blades of a given chord 
length. The designers of steam turbines and axial-flow com- 
pressors usually express the blade spacing in terms of ratio of the 
pitch of blades to the blade chord at the same diameter or pitch- 
chord ratio, 

It can be shown that the amount of turning, lift coefficient, and 
pitch-chord ratio of the compressor blades are related as follows 


- chanical difficulties in design of the blade attachment. 
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The effect, of the pitch-chord ratio (S/L), on the performance 


* of the blade section of a given camber has been the subject of 


extensive experimental investigations here and abroad. The 
cascade-flow tests of various blade arrangements, as well as 
the actual tests of rotating compressor stages, indicate that the 
amount of turning affected by the blade grid of a given blade 
section is always smaller than the camber angle of the blade sec- 
tion. 

The amount of this deviation in the turning angle is a function 
of the pitch-chord ratio and can be approximated from the fol- 
lowing empirical formula 


B= = 0 USN OE a (7] 


This correction factor, as suggested by A. R. Howell® in a some- 
what different form, has been applied by the author for the se- 
lection of the blade camber for the desired turning, with satisfac- 
tory results. 

Hub-Tip Diameter and Aspect Ratios. The.flow path of an 
axial-flow compressor is designed according to the ‘‘continuity 
equation” with the flow area gradually decreasing toward the dis- 
charge end, corresponding to the assigned velocity, actual pres- 
sure and temperaturé state at each stage. This results in a 
gradual decrease in the blade height and an increase in the ratio 
of the compressor rotor hub to the blade-tip diameters. The 
decrease in the blade height is usually accompanied by a decrease 
of the aspect ratio or ratio of blade height to the chord length. 

The tip and base of the compressor blade operate in boundary 
layers formed at the bounding walls of the flow passage and the 
performance of these portions of the blade suffers to a considera- 
ble extent, owing to the prevailing low velocities. This inactive 
portion of the blade becomes larger in proportion to. the total 
height of the blade as the hub-tip diameter ratio increases toward 
the discharge end of the ee with a resultant decline in 
efficiency. 

Tests conducted by many bare ties ons indicate that the 
efficiency of an axial-flow compressor deteriorates rapidly with 
the increase of the hub-tip diameter above a value of 0.85. The 
hub-tip diameter ratios in excess of 0.9 should be avoided unless 
the flow is sufficiently large to pera the use of relatively long 
blades. 

This limitation as to the maximum hub-tip diameter ratio 
provides the incentive for the use of smaller hub diameters for 
the first compressor stages, especially when a large pressure ratio 


is involved. The use of a small hub diameter usually leads to 


undesirable blade spacing at the hub, and at times to some me- 
These 
two factors in many cases limit the lower value of the hub-tip 
diameter ratio to 0.5. 

Reheat. In a steam or gas-turbine stage losses reappear in 
the form of heat energy part of which is available for work in the 
succeeding stages. The reheat effect results in a better over-all 
internal efficiency as compared with the individual stage eff- 
ciency. The designer of a compressor is in a less fortunate posi- 
tion. The friction losses of a compressor stage produce the effect 
of preheating, which decreases the over-all compressor efficiency. 
The effect of reheat on conipressor efficiency depends upon the 
opérating pressure ratio and stage efficiency as shown in Fig. 15. 

Mach Number. Subacoustic flow of fluids through a passage 
or around a body completely immersed in that fluid follows a cer- 


5 “Development of the British Gas Turbine Jet Unit,” The Insti- 
tution of Mechanical Engineers, London, England; ASME re- 
print for distribution in the United States, 1947. 
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tain pattern depending upon the geometry of the passage and the 
Reynolds number. At the velocity equal to that of sound 
shock waves form, and a complete change in flow pattern takes 
place. In the passage designed for subacoustic flow, such asjin 
an axial-flow-compressor stage, this change of flow pattern is 
accompanied by a serious loss known as the losses due to the 
Mach number effect. 

When applied to the performance of a compressor, the Mach 
number is defined as the ratio of the mean air velocity rela- 
tive to the blade to the local velocity of sound. With this ac- 
cepted definition it is apparent that the Mach number effect on 
the compressor stage performance would be observed in the opera- 
tion at Mach number values below 1.00. Large deviation of the 
local velocities from the mean flow velocity, due to the flow pat- 
tern around an airfoil exerting lift, results in the fact that even 
in a well-designed compressor stage the Mach number as low as 
0.60 may show detrimental effect on the efficiency, 

The Mach number effect manifests itself in a pronounced re- 
duction in compressor efficiency, and in reduction of flow co- 
efficient. When operating at high mean velocities corresponding 
to the Mach number above the critical value, the increase of 
compressor speed does not produce the expected increase in flow. 
This results in the steeper pressure ratio - flow curve which may be 
observed at the higher speeds of the compressor. As the Mach 
number approaches the value of 1.00, an axial-flow compressor 
reaches its limiting flow, and the pressure ratio - flow curve be- 
comes the vertical line of the constant flow machine. 

Reynolds Number. In evaluating performance of axial-flow 
compressors of various designs, especially the performance of a 
low-speed model, another dimensionless criterion of the flow dy- 
namics must be taken into account, namely, Reynolds number. 
The Reynolds number is well known in fields of hydraulics and 
aerodynamics as a scale effect. In the physical sense, the Rey- 
nolds number is the ratio of the inertia forces to the viscous forces 
acting on fluid particles. A small Reynolds number, say, 1500, 
for flow of oil in a pipe indicates viscous flow or a predominant ef- 
fect of fluid viscosity on the flow pattern, while a high Reynolds 
number, say, 500,000, of air flow in a compressor indicates turbu- 
lent flow and the preponderance of inertia forces. 

When applied to the flow through an axial-flow-compressor 
stage, the Reynolds number is expressed as a ratio of the product 
of blade chord and mean relative velocity to the kinematic vis- 
cosity of fluid, or 


Fic. 16 Low-Sprep-Compressor Mope.t Test TUNNEL 


(Insert shows arrangement of dynamometer and test gages.) 


Fig. 17 VartABLe-Density CascaDE WIND TUNNEL 


Axial-flow compressor blades usually operate at Reynolds 
numbers above 500,000, while a slow-speed stage model may op- 
erate at but one tenth of that value. As both high Reynolds 
numbers and Mach numbers are associated with high relative 
velocities, the use of variable-density tunnels for separation of 
these two effects on the performance of airfoil or compressors 
stage is widely employed. Figs. 16, 17, and 18 show the three 
types of wind tunnels extensively used by the South Philadelphia 
Works of the author’s company for aerodynamic research, 

The isometric diagram, Fig. 19, shows the effect of the Mach 
and Reynolds numbers on the efficiency of a nonsymmetric type * 
compressor tested in the variable-density tunnel. 
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Fig. 19 THree-DimensionaL DiaGram SHOWING EFFECTS OF 
MacH AND REYNOLDS NUMBERS ON AXIAL-FLOW COMPRESSOR 
EFFICIENCY 


Conciusion 

The gas-turbine power plant is the product of development of 
the last few years. The development of the aviation gas-turbine 
plant was conducted at an accelerated rate because of military 
necessity and the inherent limitations of the reciprocating engine. 
The aviation gas-turbine plant has already become a reality. In 
the fields of marine transportation and land applications, the 
gas-turbine power plant is still in the experimental stage, and its 
reduction to practice will require the solution of a great many 
problems by planned research and development. 

At the present time, when all gas-turbine power-plant problems 
have not been fully explored as yet, the axial-flow compressor 
stands out as a natural choice for its essential component as being 
highly efficient, light in weight, and well adaptable to the service 
of system compressor. Tremendous strides have been made in 
the development of the axial-flow compressor during the last 5 
years. However, many problems remain to be solved. The 
most important one being the design of an efficient compressor 
which can be manufactured at a low cost, so that the gas-turbine 
power plant with its compressor may compete with the highly 
developed steam turbines and reciprocating engines. 


PONOMARKEFF—AXIAL-FLOW COMPRESSORS FOR GAS TURBINES 


Discussion 


G. M. Dusinperre.* Since there is not yet a widespread 
familiarity with the vector diagrams of the axial-flow compressors, 
it may be helpful to offer the following extension of the author’s 
treatment. ; 

The two diagrams for the symmetric stage may be comb.ned 
as shown in Fig. 20 of this discussion. This gives us the impor- 
tant vector AB, which determines the tangential force on the 
blading, 175/g = 5.43 lb, per lb of gas per sec. Combining this 
with the blade speed gives the work, 175 X 1211/778g = 8.46 
Btu per lb, and, in connection with the efficiency, gives the stage 
pressure rise. Angles ACB’ and BDA’ determine the blade shapes 
(incidence and deviation being here neglected). 

In the author’s analysis the moving blade shape and axial 
velocity have been left unchanged. Hence the vector triangle 
ABC is unchanged and all the author’s diagrams can be combined 
as in Fig. 21 of this discussion. Here we can readily visualize the 
decreased work per stage (requiring more stages for the same pres- 
sure rise) and also the altered shapes requiréd for the fixed blades. 


sie 


Fic. 21 Turee Designs WitTH 
ComMon DEFLECTION IN MovING 
BLADES 


Fic. 20 ComBineD DIAGRAM 
FOR SYMMETRIC STAGE 


It is evident that we have to have vortex flow at some point in 
any case. The question whether we have a “free’’ vortex or not 
depends on conditions along the length of the blades. 

We might expect to avoid radial flow by providing for the same 
rise of total pressure at all points along the blade length. With 
constant efficiency, this means equal work at all points. 
the blade speed varies directly as the radius, the vector AB should 
then vary inversely as the radius for equal work. If the present 
diagrams are intended to represent conditions at mean blade 
radius, say, r = 0.9, then at r = 1.0, AB = 158, and at r = 0.8, 
AB = 197. This condition will call for ‘‘twist’’ in the blading. 

But if we wish to providé for free vortexes, we must meet the 
conditions noted by the author. This can be done by varying 
the vector AD’ in the same proportion as the vector AB, in other 
words, “sliding” the vector AB to an appropriate position relative 


6 Division of Mechanical Engineering, University of Delaware, 
Newark, Del. Mem. ASME. 
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to CD. Thus we are not necessarily limited to the second two 
diagrams of Fig. 11 of the paper, as a basis for free-vortex de- 
sign. The first diagram might also be used, as shown in Fig. 22 
of this discussion. The construction ‘3 simpler in the other cases 
because AD’ or BD’ is zero. 


C 


Cc 
woe , 
= 
B 
197 
; : ) 
158 ) ne ) Ay 
A 
| 
466 sea 
| 
D p! D 0} D 
r=1,0 r20.9 r=0,.8 


Fig. 22 Free-Vortex Dersign SYMMETRICAL AT Mean Rapius 


One general principle can be seen from any diagram of this 
type: Other things equal, the greater the axial velocity, the less 
will be the deflections required. 

Everyone interested in gas turbines will have arrived at some 
scheme similar to the foregoing; the writer's only excuse for offer- 
ing it is that the presentation has been found useful in classroom 
and may be helpful to engineers who only recently have become 
interested in this field. 

As a minor correction, the blade speed in the author’s second 
diagram, Fig. 11, should be 693 fps, not 639. 


A. J. Stepanorr.? In discussing performance of the axial- 
flow blower shown in Figs. 8 and 9, the author attaches too much 
importance to the ring baffle in the blower inlet. There are 
numerous blowers on the market, nationally advertised, which 
obtain a constantly rising head-capacity characteristic without 
the use of such a baffle. All these (including the author’s in Fig. 
9) approach hydraulically the design of axial-flow pumps, i.e., 
have higher impeller discharge and stagger angles, fewer and 
longer impeller vanes, greater axial length per stage. It might be 
mentioned that early centrifugal and axial-flow pumps (Wood 
patent) had unstable regions in their characteristics. However, 
modern pumps are free from these defects. ‘ 

The blade-design procedure outlined by the author is based on 
“Streamline” or ‘‘blade-element” theory. A free-vortex ve- 
locity distribution is assumed for velocity diagrams. It is a 
general belief that only a free vortex is stable radially. The 
writer has demonstrated’ that a free vortex is only one of many 
possible types of vortexes, depending upon the angular velocity 
distribution along the radius, all of which are stable radially. 
The writer would like to call attention to the “forced vortex” as 
a pattern of flow for centrifugal and axial-flow pumping machin- 
ery (water or air). The definition and properties of a forced vor- 
tex are as follows: 


1 The absolute angular velocity of flow through the machine 
is constant along the radius. This applies to guide vanes, im- 
peller, and stationary vanes. 


7Development Engineer, Ingersoll-Rand Company, Phillipsburg, 
N.J. Mem. ASME. 

8 “Centrifugal and Axial Flow Pumps,” by A. J. Stepanoff, John 
Wiley & Sons, New York, N. Y., 1948, p. 14. 
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2 The same pattern of flow (forced vortex) prevails at all 
rates of flow from zero capacity to zero head points. 

3. For axial-flow machines, the head produced is greater at the 
impeller periphery than at the impeller hub. This is equalized 
when the tangential component is taken out of the flow by the 
stationary vanes by “conduction” (without ‘‘crossflows’’), a 
term borrowed from heat transmission. Both pressure energy 
and heat energy are due to molecular kinetic energy, and are 
interchangeable, as is well known in thermodynamics of gases.° 

4 When applied to axial-flow machines, the forced-vortex 
pattern of flow produces the same “dimensionless head” along the 
radius, or 


where H is the total head and wu is the peripheral velocity. 

5 The forced vortex results in idéntical theoretical treatment 
and impeller design procedure for straight centrifugal, mixed-flow, 
and axial-flow machines. 


Based upon the forced-vortex reasoning, the writer has con- 
structed a diagram,! which incorporates in it performance char- 
acteristics, controlling design elements, actual and theoretical 
velocity triangles for all pumping machines, i.e., centrifugal, 
mixed-flow, and axial-flow. 

By a comparison, the free-vortex pattern of flow is maintained 
at one point on the head-capacity curve only. At partial ca- 
pacities, the actual total head of the machine is frequently higher 
than u?/g (maximum possible theoretical head) at the hub of the 
impeller, which has no sense. Expressions of dissatisfaction: of 
the free-vortex theory and deviations from it (‘“half-vortex’’) 
have appeared repeatedly in recent writings.11 There are some 
scattered bits of information on forced-vortex pattern of flow in 
literature. A definite statement by Hayne Constant is found in 
author’s reference (5).12 

The method of the impeller-vane layout, such as prescribed by 
the forced vortex, was used many years ago. Schmidt!® used it 
for a blower design prior to 1928. His theoretical reasoning was 
entirely different, and the writer confesses that he has been un- 
able to understand it, to the present day. 


AuTHOR’s CLOSURE 


The lack of a widespread familiarity with vector diagrams in 
general led the author to the presentation of the vector diagrams 
for the axial-flow compressors in the form shown on Fig. 11, 
with the emphasis placed on the blading arrangement rather than 
on the velocity vectors. Mr. Dusinberre’s treatment of the 
vector diagrams is a valuable contribution to the understanding 
of the flow dynamics of an axial-flow compressor. The combined 
diagrams, Figs. 20 and 21, bring out important. vectors describ- 
ing the work and the pressure rise across a compressor stage. 


° “Centrifugal and Axial Flow Pumps,” by A. J. Stepanoff, John 
Wiley & Sons, New York, N. Y., 1948, p. 11. 

6 Thid, p. 185. 

1 Author’s reference (5), pp. 421 and 456. See also ‘‘Minutes 
of Axial Flow Compressor Meeting of June 26 on German Articles,” 
by C. W. Smith, Bureau of Ships Code 445A, Navy Department, 
1946, p. 40. 

12 [bid., p. 421. 

13 “Some Screw Propeller Experiments,” Journal of the American 
Society of Naval Engineers, vol. 40, no. 1, February, 1928. 
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Mr. Dusinberre’s diagram of a free vortex design, symmetric 
at mean radius, Fig. 22, is one of the many that are at disposal 
of the axial-flow compressor designers. This design permits a 
high pressure rise per stage with the added benefit of the free 
vortex flow pattern. ; 

The author is indebted to Mr. Dusinberre for calling attention 
to the numerical error in the vector diagram of Fig. 11. 

The author does not agree with Dr. Stepanoff’s statement that 
modern pumps and blowers exhibit a constant rising head- 
capacity curve and are free of unstable regions in their character- 
istics. It is true that there are some low-pressure fans and blow- 
ers on the market that may be operated free of instability 
throughout the entire operating range. However, such blowers 
are usually designed for a low-pressure rise per stage, and the 
application of their features obviously cannot be justified in a 
multistage compressor. The designer of modern centrifugal or 
axial-flow-type compressors is still facing a difficult problem of 
flow stability in a certain operating range. The same holds true 
in the case of axial-flow pumps. In this connection the author 
could not fail to note that the recently installed 24 in. axial-flow 
pumps, the construction and tests of which are credited to Dr. 
Stepanoff,'4 exhibit unstable head-capacity and hp-capacity 
characteristics at all runner vane settings. The sharp break 
and the reversal of curvature in the characteristic curves 
of these pumps point definitely to blade stall and unstable 
flow conditions, which the author believes may be eliminated 
through the application of the ‘suction ring,” such as shown 
on Fig. 9. 

Dr. Stepanoff is to be complimented on his untiring efforts in 


advocating the hydraulic treatment of all pumps as one con- 


tinuous series, irrespective of their runner designs, with the 
specific speed,!® as an index number indicative of the type. This 
hydraulic family includes the low specific-speed centrifugal 
pumps, medium speed mixed-flow and the high specific-speed 
axial-flow or propeller pumps. The benefit derived from such 
treatment is generally recognized now by both pump designers 
and pump users. It is believed that the similar treatment of 
compressors will be a welcome addition to the technical litera- 
ture that will lead to a further advancement of the art. 

The author agrees that the forced vortex flow pattern ad- 
vocated by Dr. Stepanoff may be successfully used, as well as 
many other patterns, in designing of an axial-flow compressor. 
The author has no reason, however, to express dissatisfaction 
with the free-vortex blade design and theory, especially in view 
of the excellent performance reported by many independent in- 
vestigators of this type of compressor. The test results of 9-stage 
axial-flow compressor, Fig. 3, indicated a remarkably close 
agreement with the calculated performance. The fact that the 
theory based on the free-vortex flow pattern does not render the 
performance calculations possible beyond the “stall” region or 
near the shutoff is of secondary importance. 

The author regrets that at the time of this writing Dr. Stepa- 
noff’s “Centrifugal and Axial-Flow Pumps,” to which the 
numerous references in discussion were made, was not out of 
press and the author has not had the opportunity to examine 
what undoubtedly will be an excellent treatise on pumps. 


14 “Adjustable Vanes Match Pumps,” Power, March, 1948, pp. 
92 and 93. iy 

1 “Centrifugal-Pump Performance as a Function of Specific 
Speed,” by A. J. Stepanoff, Trans. ASME, vol. 65, 1943, pp. 629-647. 


Ignition and Flame Stabilization in Gases 


By BERNARD LEWIS? anv GUENTHER von ELBE,* PITTSBURGH, PA. 


The self-ignition of a volume of explosive gas mixture 
is understood to be the transition from slow to very rapid 
chemical reaction with approximately adiabatic heat 
evolution. Two known processes bring this about. They 
are distinguished as thermal and branched-chain explo- 
sion. In the former, the chemical reaction becomes self- 
accelerating owing to the temperature rise. In the latter, 
the self-acceleration is caused by the formation of chemi- 
cally active particles at a rate that exceeds the rate of 
destruction of these particles. A peculiar process of the 
latter type plays an important contributory part in engine 
knock. Local ignition, as by a spark, results in the forma- 
tion of a combustion wave which propagates through the 
explosive mixture in a manner analogous to Huyghen’s 

_ principle for the propagation of a light wave. Small 
sparks do not produce ignition. The minimum ignition 
repuirement of electric capacitance sparks in mixtures of 
methane or other hydrocarbons with oxygen and nitrogen 
is found to be only the spark energy. This is theoretically 
explained, and the minimum spark-ignition energy is 
shown to be a function of the burning velocity, the width 
of the combustion wave, and other variables of the gas 
mixture in agreement with experimental data. A com- 
bustion wave in a stream of explosive gas mixture becomes 
stationary, i.e., the flame becomes stable, when the burn- 
ing velocity is equal to the gas velocity somewhere in the 
wave and is nowhere larger than the gas velocity. The 
mechanism is described by which the condition of equal- 
ity of burning velocity and gas velocity is realized at the 
rim of a burner tube. It is shown that the limits for 
flash back and blowoff correspond to critical values of the 
gas-velocity gradient at the stream boundary. This ap- 
plies equally to the outer boundary and any inner bound- 
ary formed by solid objects in the stream. 


N explosive mixture of fuel and oxygen may be ignited essen- 
tially in two ways, as follows: 


1 The mixture is passed into a vessel, or through a tube, 
and subjected in bulk to high temperature or pressure. Under 
such conditions ignition occurs almost simultaneously in every 
part of the vessel after a time lag ranging from less than a milli- 
second to hours, according to circumstances. This type of igni- 
tion may, for brevity’s sake, be termed ‘“‘self-ignition.”’ 

2 The mixture is ignited locally, as by a spark, and a com- 
bustion wave propagates from the spark through the mixture 
somewhat in the manner of a light wave, that is, every point in 
the wave front serves as an ignition source and the propagation 
of the wave conforms to Huyghen’s principle. This type of igni- 
tion is referred to as ‘‘ignition by a local source.” 


1 Published by permission of the Director, Bureau of Mines, U. S. 
Department of the Interior, 

2 Physical Chemist, Chief, Explosives Division, Central Experi- 
ment Station, Bureau of Mines. 

3 Supervising Chemist,«Physical Chemistry and Physics Section, 
Explosives Division, Central Experiment Station, Bureau of Mines. 

Contributed by the Gas Turbine Power Division and presented at 
the Annual Meeting, Atlantic City, N. J., December 1-5, 1947, of 
Tue AMERICAN SOCIETY OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 47—A-33. 


When a combustion wave has been formed in a stream of ex- 
plosive gas mixture, it moves with the stream, that is, the flame 
blows off when the gas velocity everywhere exceeds the burning 
velocity, which is the velocity of the wave with respect to the 
unburned gas; the wave moves against the stream, that is, the 
flame flashes back when the burning velocity exceeds the gas 
velocity at any one point in the wave; and the wave remains 
stationary, that is, the flame is stabilized when the burning 
velocity equals the gas velocity at any one point and does not 
exceed it anywhere. 

In this paper the two types of ignition and some principles of 
flame stabilization in a stream are discussed. 


SELF-IGNITION 


The self-ignition of an explosive mixture enclosed in a vessel is 
found to depend upon a number of variables, namely, tempera- 
ture, pressure, mixture composition, and in most cases also upon 
gas motion and vessel factors, such as size and the condition of 
the inner surface of the vessel. In some cases ignition can be 
produced by irradiation. The phenomenon of ignition is under- 
stood to be the transition from a slow to a very rapid chemical 
reaction with approximately adiabatic heat evolution. Two 
known processes bring this about. One is self-acceleration of the 
reaction by the heat developed until the rate of heat liberation 
exceeds the ratesof heat loss to the surroundings, the so-called 
“thermal explosion;’’ the other is self-acceleration caused by the 
formation of chemically active particles, such as atoms and free 
radicals, at a rate that exceeds the rate of their destruction, the 
so-called ‘‘branched-chain explosion,” 

A sharp division between these two types of explosions cannot 
be made, since both processes may occur simultaneously. How- 
ever, a purely thermal explosion arises when the chemical reac- 
tion is of a simple order, like a unimolecular reaction for which 
there is evidence in the decomposition of azomethane (1)* and 
ethyl azide (2). The quantitative treatment (3) of the tempera- 
ture-time relations in the reaction vessel is based upon the equa- 
tion for the rate of heat g, accumulating in the vessel, viz. 


dq/dt = QVmAe~ #/®T _ gK(T — T,)........ (1] 


where Q is the heat of reaction per mole of gas decomposed, V the 
volume of the reaction vessel, m the number of moles of reacting 
gas per unit volume, ZH the energy of activation, R the gas con- 
stant, a the wall area, 7’ and 7) the temperatures of the gas and 
the reaction vessel, respectively, and K and A constants; 
Ae—#/RT — the reaction-rate coefficient. From the equation 
—dm/dt = km, and assuming k to be constant during the induc- 
tion period where the temperature rise is small, m = moe", 
where mp is the initial molar concentration. The first term on 
the right side of Equation [1] is the rate of heat production, and 
the second term the rate of heat loss. On dividing the equation 
by the total heat capacity of the gas in the vessel, it becomes an 
equation connecting temperature with time. Its solution by 
numerical method leads to the result that above a certain sharply 
defined initial pressure a sudden temperature rise, corresponding 
to an explosion, occurs after an initial stage of slow temperature 
rise which may be regarded as the induction period. The fore- 
going illustrates the complexity of the quantitative treatment, 
even for the simplest case of a unimolecular reaction. In the 


4 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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more common case of a complex reaction mechanism involving 
a sequence of many elementary reactions, the treatment becomes 
quite unmanageable. One may, nevertheless, appreciate the 
main features of the thermal theory by the general formulation 
of the explosion condition, that is, the boundary between non- 
explosive and explosive reaction is defined by the condition that 
the rates of heat liberation and dissipation are equal 


Gok, = (ONG? —— GAGE —— I) = ncn aceacece [2] 


ris the number of moles of gas reacting per unit time and volume, 
and, in most instances, is a complicated and incompletely known 
function of all the variables just enumerated. It is generally, 
however, a function of pressure in the sense that it increases with 
the latter, and of temperature in the form of a factor e B/RT, 
If Equation [2] has a real root in 7, the system will come to 
equilibrium at this temperature, and the reaction will proceed 
normally; but if for fixed values of the other constants the pres- 
sure or 7’) is increased sufficiently, the equation will have no real 
root, dq/dt will be always positive, the temperature will increase, 
and the process of self-acceleration of the reaction, 1.e., explosion, 
wilt set in. This shows that the ignition temperature 7'p is 
lowered by increasing pressure and also by increasing vessel 
diameter which increases V more thana. A plot of ignition tem- 
perature versus pressure may generally be expected to follow 
approximately an equation of the form log P = A/T) + B, where 
A and B are constants, the latter depending, among other things, 
upon vessel factors. The latter equation agrees with many ex- 
perimental observations, but since a similar equation holds for 
branched-chain explosions where the active particles are destroyed 
at the wall of the vessel, this general form does not serve as a 
criterion to distinguish between thermal and branched-chain 
explosions. j 

It has, nevertheless, been possible to draw this distinction by 
reviewing chemical facts and quantitative data on explosion 
processes. Two cases in point are the self-ignition of mixtures 
of hydrogen and of carbon monoxide with oxygen. Notably the 
former is now rather thoroughly understood. It is a branched- 
chain explosion with a more or less negligible contribution of the 
heat liberation, depending upon experimental conditions (4). 

An interesting recent publication deals with the self-ignition 
of mixtures of gasoline-type fuels and air under conditions ap- 
proximating engine knock (5). The mixtures were rapidly com- 
pressed under conditions assuring a well-defined temperature and 
pressure at the end of the compression, and records were obtained 
of the subsequent pressure rise due to heat liberation. These 
pressure-time records show two phases: In the first phase the 
pressure rises at an increasing rate for a while and then levels 
off. In the second phase the pressure rises from the new level at 
an increasing rate to explosion. The two phases respond dif- 
ferently to experimental variables. Tetraethyl lead is found to 
lengthen the second phase only. The first phase is largely inde- 
pendent of the fuel-air ratio over a wide range; the second phase 
is strongly dependent upon the fuel-air ratio. The two phases 
together constitute the time lag in the self-ignition of such mix- 
tures. Their separate appearance conforms to other experience. 
It has long been known that mixtures of oxygen and paraffinic 
fuels, notably those of low octane numbers, are capable of a 
specific chain-branching reaction which attains a maximum rate 
at a fairly low temperature and, remarkably, vanishes as the 
temperature rises; thus the rate of fuel consumption or heat 
liberation initially tends toward a branched-chain explosion but 
the process is stopped by the temperature rise. Subsequently, 
a self-accelerating oxidation reaction of another type resumes 
the trend toward explosion, probably by a thermal mechanism. 
Under conditions of predominant branched-chain reaction, 
copious amounts of aldehydes are formed and a bluish lumines- 
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cence, commonly referred to as cool flame, appears in the mix- 
ture. 

The initial trend toward a branched-chain explosion has been 
indirectly confirmed by the observation that the rate of heat 
liberation in the first phase is inconsistent with the thermal- 
explosion equation. The experimental conditions are such that 
the second term in Equation [1] or [2] is negligible, and it is only 
necessary to investigate whether the experimental values of the 
rate of pressure rise (~dq/dt) can be consistently represented by 
an equation of the form, const X e~ #/”7, with chemically possible 
values of H. This was found to be not the case (5). 

Engine knock is caused by self-ignition of fuel-air mixture 
ahead of the normal combustion wave, and the foregoing con- 
tributes considerable new information to the subject. 


IGNITION BY LOCAL SOURCES 


It is possible to pass small sparks through a combustible mix- 
ture without producing ignition. A comprehensive. experi- 
mental and theoretical investigation of the boundary conditions 
which govern ignition has recently been made for electric*capaci- 
tance sparks in mixtures of methane, oxygen, and nitrogen. 
Because certain basic principles have developed which are ap- 
plicable to other fuels as well, this work is reviewed here at some 
length. For further details and additional experimental data 
the original papers should be consulted. 

In the experimental part of the investigation (6), the gases 
were admitted to a stainless-steel bomb at room temperature 
(approximately 25 C). The spark electrodes were mounted in 
the center of the bomb and connected to the plates of the air 
condenser whose capacity could be varied from 8 to 5000 uyf. 
The experimental arrangement is shown in Fig. 1. After the 
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bomb had been charged with an explosive mixture of accurately 
determined composition and pressure, the condenser was slowly 
charged and the voltage V at which the spark occurred was ob- 
served. If no ignition occurred, the capacitance was increased 
and the experiment repeated until by trial and error the critical 
capacitance C for ignition was found. The minimum ignition 
energy (*/2)CV? of the circuit represents essentially the energy 
imparted to the gas between the electrodes in the form of heat 
and ionization. 

It was possible to vary the breakdown voltage considerably 
by applying an overvoltage, either taking advantage of the break- 
down time lag or using a special switch for closing the circuit. 
The minimum ignition energy was found to be essentially inde- 
pendent of overvoltage, that is, as the gap voltage was increased, 
the capacitance had to be correspondingly decreased. 

The distance between the electrodes could be adjusted accu- 
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DISTANCE BETWEEN ELECTRODES, INCHES 
Fig. 2 Minimum Spark Enercies ror IGnirTion ror Point AND 
PuatTe EvEcTRODES AS FUNCTION OF ELECTRODE DisTaNCE , 
(Stoichiometric mixture of natural gas and air at 1 atm pressure.) 


rately by a built-in micrometer. Fig. 2 shows the effect of dis- 
tance using !/;.-in-diam electrodes with rounded points, either 
free or mounted flush in glass plates as sketched. Above a 
critical distance, the data practically coincide; below this dis- 
tance the minimum ignition energy increases abruptly with 
plate electrodes and gradually with point electrodes. This dis- 
tance marks the farthest penetration of the flame-quenching 
effect of the solid electrode material and is analogous to the criti- 
cal diameter of a tube below which flame will not propagate 
through the tube. 

As shown in Fig. 2, at distances above the quenching distance, 
the minimum spark energy remains remarkably constant over 
a considerable range. The curve turns ultimately up again; 
this is not shown here. The existence of a range of constant energy 
suggests that the spark is not incendiary along its whole length. 
Otherwise, as the column of gas traversed by the spark increases, 
the energy required to raise the gas temperature everywhere to 
the ignition point would also increase. Therefore it appears that 
most of the conversion of electrical to thermal energy occurs at 
some point along the spark path. This accords well with the 
known charge distribution during discharges in gases. The 
largest decrease of potential along the spark path occurs near 
the cathode due to the accumulation of positive ions. The high 
concentration of positive ions and fast electrons at the end of this 
zone of steep potential drop must result in a dissipation of energy 
much larger than anywhere else along the path of the spark. 
Thus a virtual point source of ignition is formed independent 
of the length of the spark. 

One may further visualize that as the electrode distance is de- 
creased, the ignition source approaches the electrodes to within 
a critical distance and the flame is quenched—abruptly in the 
case of plate electrodes and gradually with point electrodes. If 
the source is always closer to the cathode than to the anode, then, 
in the case of a point electrode facing a plate electrode, the quench- 
ing effect should be larger when the plate is the cathode than when 
it is the anode. This has been confirmed by experiments in 
which one of the electrodes was a small sphere and the other a 
plate. 

In the constant range of the electrode-distance curve the 
minimum spark energy is dependent only upon the variables of 
the explosive gas mixture. The minimum spark energy and the 
quenching distance increase with decreasing pressure and pass 
through a minimum when the methane percentage is increased 
from the lower to the upper limit of inflammability. Typical 
curves are shown in Fig. 3. Families of curves of minimum igni- 
tion energy versus methane percentage at constant ratios of 
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Fic. 4 Minimum Spark-Ienit1Ion Enercies or Mixtures oF 
METHANE, OXYGEN, AND NITROGEN AT 1 Atm PRESSURE 


(Curves correspond to constant oxygen:nitrogen ratio. Point electrodes 
embedded in glass plates.) 


nitrogen to oxygen have been determined for various pressures. 
Fig. 4 shows the curves for 1 atm pressure. They illustrate the 
profound effect of inert-gas dilution. Comparing, for example, 
measurements for air and pure oxygen near stoichiometric com- 
position, the minimum spark energy of the latter mixture is found 
to be about one hundredth of the former. 

The theoretical part of the investigation (7) is based upon con- 


siderations of the distribution of temperature and energy in a 
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Spherical combustion wave 


Plane combustion wave near flame origin 


TEMPEATURE 
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Fig. 5 DisrrisuTion oF TEMPERATURE AND ENERGY PER UNIT 
Mass In A CoMBUSTION WAVE 


(ho = sum of thermal and chemical energy per unit mass before and after 
combustion. 


combustion wave, -as illustrated in Fig. 5. For the case of a 
plane wave the origin of the z-co-ordinate is placed at a constant 
distance from the wave, and, correspondingly, the gas flows from 
left to right at the velocity of flame propagation. At any point 
z, the sum of the rates of heat gain or loss in a unit volume of a 
layer dx due to thermal conduction, mass flow, and chemical reac- 
tion is zero. This is expressed by the following equation 


peel /dz* —pSe,dT /dx + q(z) = O.........-. [3] 
where 
T = temperature 
nu = heat-conductivity coefficient 
p = density ; 
S = velocity of gas flow 
Cy = specific heat 
q(x) = rate of heat release by chemical reaction per unit 


volume 


The temperature rises from 7’, of the ‘‘unburned”’ gas to 7’, of 
the “burned” gas. The chemical term q(x) is initially very 
small; hence according to Equation [3], d?7’/dz? ~ dT /dz, 
which means that the temperature gradient and also the tem- 
perature increase exponentially with z, until at some tempera- 
ture 7; the chemical term becomes significantly large; d?7T'/dx? 
now decreases and finally becomes negative, corresponding to 
the dotted temperature curve in Fig. 5. Accordingly, as shown 
in the lower part of the figure, a mass element entering the com- 
bustion wave first acquires some excess energy by heat conduc- 
tion from preceding elements and then returns this ‘‘borrowed” 
energy to succeeding elements; so that, as demanded by thermo- 
dynamics, its thermal energy after passage through the com- 
bustion wave is equal to the sum of its thermal and chemical 
energy before it entered the combustion wave. In the aggregate, 
the mass elements inside a plane wave segment of unit area carry 


an excess energy 
+o 
ai 5 Ph — ho)dee 


where h represents the sum of thermal and chemical energy per 
unit mass and the subscript zero refers to the state before and 
after passage through the combustion zone. 

The initial small flame which is formed around a spark derives 
its excess energy from the spark itself. It is the function of the 
latter to initiate the reaction by producing a high local concen- 
tration of heat and chain carriers, and to furnish at least as much 
energy as is necessary to satisfy the excess-energy requirement 
of the smallest flame sphere that is capable of self-propagation. 
Such a flame may be visualized as a burning sphere of the smallest 
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volume consistent with the condition that the rate of heat pro- 
duction should equal the rate of heat conduction to the surround- 
ing unburned gas. As the flame grows, the additional energy 
required by the growing flame surface is taken from the burned 
gas, that is, the combustion temperature is slightly lower than 
the temperature 7'y of the plane wave. However, the spark 
must furnish at least the energy corresponding to the integral 


il ater (h — ho)dr 


of the smallest self-propagating flame, r being the distance from 
the center of the flame. 

The calculation of this energy from other data, notably data 
on the burning velocity and the diameter of the smallest flame, 
is made possible by substituting for the actual temperature 
gradient the simple approximate gradient illustrated in Fig. 5. 
The term q(z), Equation [3], is taken as zero up to the tempera- 
ture 7), and thus the gradient initially rises exponentially. Be- 
tween 7; and 7, q(x) is taken as constant and d?7'/dz? as zero, 
and the gradient thus remains constant. A mass element 
within this part of the gradient neither loses nor gains h = 
thermal + chemical energy. However, heat is continually being 
furnished to the fresh gas at 21; this heat is being produced at the 
constant temperature level 7’, from residual chemical energy 
between z2 and z;, and transported down the gradient by a ficti- 
tious mechanism. Although the resulting temperature and 
energy distributions are not physically possible, they closely 
circumscribe the actual distributions. They can be calculated 
numerically from data on the width of the reaction zone x; — n, 
the burning velocity S,, the temperatures T, and 7, and the 
heat conductivity, density, and specific heat of the unburned gas. 

For the present problem of calculating the minimum ignition 
energy, the heat-balance equation for a spherical combustion 
wave must be developed, using the foregoing approximation. 
The development of the equations has been given elsewhere 
(7). The solution of the differential equations yields the tem- 
perature distribution in the exponential part of the gradient at 
radii greater than 7. This makes it possible to solve the equa- 
tion for the excess energy in this part of the gradient. 


la 


= f ” 4arr2p(h — ho)dr = f- ” 4ertpc,(T — T,)dr... [4] 
1 a1 


The energy between rz and 7 is given by 


© 
r1 
. 


TL rT! 2 
lu -_ ji derrtocy(Ti — Ty)dr ever eee [5] 


r 
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It can readily be shown that the value of | H 


. . 
is less than one 
2 


third that of 


oo T 
H ' . The excess-energy term lH ° is consider- 
1 


is 
ably less than | H i and therefore can be neglected. 
2 


The gradient (7 — T1)/(r1 — r2) is stable and thus the flame 
can propagate when the rate of heat production in the volume * 
(4/3)mr23 equals the heat flow across the area 4zr,2.. From this 
condition a relation between 7; and 72 is derived and the gradient 
between 7 and r, can be calculated. This furnishes the necessary 
boundary condition for the integration of Equation [4]. It now 
becomes possible to write the equation of the ignition energy H, 
which is found to be 


J§6 = Anr;? ce SPIT: (T, aaa ra( 2 J 
w a 


1+ 1.3 an 
Teen eee 


where S, is the burning velocity determined for a plane com- 
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bustion wave and x, the coefficient of heat conductivity of the 
_ unburned gas. 1’, is the average temperature between 7', and 
T; and is found from the condition that the energy 


|x rr -ly Ta 
T foe) 
The function a. is given by 
GE.) Py Sui Hala Leh Lig ec stile on les [7] 
*The relation between a,, and ais 
eo ear 2 ° 
l/aon = 1— arne™ OPS aN ee: [8] 
TL ie 


Burning velocities of mixtures of methane and oxygen and 
nitrogen have been determined by the Bunsen-burner method 
(8). Values for c, and w and p are available in handbooks. 
Values of the ee temperature 7’, are calculated from thermo- 
dynamic data. 

The remaining unknown quantity in Equation [6] is. The 
diameter 27, evidently must be smaller than the quenching dis- 
tance d between plane parallel electrodes mentioned in the ex- 
perimental part of this paper. This follows immediately from 
inspection of the temperature distribution in a spherical com- 
bustion wave, Fig. 5. Since, for minimum ignition conditions, 
none of the excess energy may be removed, it is obvious that the 
cooling surfaces must be well outside the exponential part of the 
temperature gradient. It is difficult to state how great this 
distance should be. It is not sufficient to note where the tem- 
perature has dropped to nearly 7, because considerations of the 
quenching mechanism suggest that a plate distance which may 
be sufficient for the initial development of the flame may result 
in quenching at a later stage of flame development. A reason- 
able estimate of the ratio d/2r, is ~2. 

Equation [6] has been used to calculate values of 27; from the 
measured minimum ignition energies, and these values are com- 
pared with measured values of d. Results are given in Table 1, 
The examples chosen include a wide range of mixtures of methane, 
oxygen, and nitrogen. A reasonable correspondence between d 
and 2r; is noted. 

Equation [6] is of such a form that H, as a function of the 
radius 7, passes through a minimum. This is a consequence of 
the approximating assumptions embodied in the treatment and 
cannot be considered physically significant. In some cases this 
calculated minimum value is larger than the experimental value of 
H, and it becomes impossible to satisfy the experimental value 
by any choice of 7. It then appears proper to solve the equation 
for the minimum value, as this is the closest approach to the 
experimental value of H. It is noted in Table 1 that this was 
done in three cases corresponding to low methane percentages. 
The discrepancies are not serious. 

The treatment thus establishes a concept of the minimum 
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ignition energy of sparks which links this quantity with the 
variables of flame propagation, in agreement with experimental 
data. However, it may be noted that in these experiments the 
spark energy is the sole minimum ignition requirement only 
because (a) the high concentration of energy in the sparks insures 
rapid chemical reaction, and (b) the time of ~10~7 sec, during 
which the energy of a capacitance spark is released, is small 
compared with the time required for a substantial growth of the 
initial flame. For example, in the case of the fast-burning mix- 
ture of 25 per cent methane and 75 per cent oxygen, a 50 per cent 
increase of the flame radius 7 requires ~10~5 sec, according to 
the values of S, and 7; in Table 1. Future experiments with 
greatly increased duration of the electric discharge should 
demonstrate a dependence of the minimum ignition energy upon 
the discharge time. 

Local ignition by hot wires and heated surfaces, in general, 
represents a very different picture. Experimentally, it is usually 
possible to determine a minimum ignition temperature. Its 
value depends upon many variables and is often much above the 
temperature range in which self-ignition in heated vessels occurs. 
For example, mixtures of methane and air, which ignite spon- 
taneously in vessels below 750 C, require local ignition tempera- 
tures generally above 1000 C and up to 1500 C, depending upon 
many factors, such as the nature of the heated surface and its 
vertical or horizontal position (9). 


FLAME STABILIZATION (10) 


Consider an explosive gas mixture in a tube whose diameter is 
sufficiently large to permit the propagation of a combustion wave. 
The wave cannot approach the wall of the tube closer than the 
quenching distance. This distance is a function of the composi- 
tion of the mixture, the temperature, and the pressure. It is 
somewhat smaller than one half the quenching distance between 
plane parallel plates. The burning velocity is zero within the 
quenching distance and at larger distances increases to its normal 
value. This is shown schematically by the heavy curve in Fig. 
6. The other lines in the figure are curves of gas velocity for 
three different gas flows. The gas velocity is zero at the wall and 
rises toward a maximum in the axis of the stream. If the flow 
corresponds to curve 1, the gas velocity falls partly below the 
burning velocity, and the flame flashes back through the tube. 
If the flow corresponds to curve 2, the combustion wave remains 
stationary in an unstable equilibrium position. If the flow corre- 
sponds to curve 3, the gas velocity is everywhere larger than the 
burning velocity, and the flame is blown out of the tube. 

In the latter case, as the combustion wave propagates in the 
free stream beyond the rim of the tube, the quenching effect of 
the tube rim gradually vanishes, and, consequently, the curye 
of the burning velocity shifts closer toward the stream boundary. 
This is illustrated in Fig. 7. Three burning-velocity curves are 


- shown corresponding to three heights, A, B, and C above the 


rim. At height A, close to the rim, the burning-velocity curve 


TABLE1 CALCULATION OF FLAME DIAMETERS 2n, TEMPERATURES 73, 71, AND Ta, AND GRADIENTS (7 — 11) /(r1 — r2) FOR SMALL- 
EST IGNITING FLAMES. COMPARISON OF BLAME) Dieppe eS WITH FLAME- SUSI ELSE DISTANCES d BETWEEN PARALLEL 
u = 


—Mixture composition,— 
per cent 


CH, Oz Na Su, ———— Deg K 

em/sec To T Ta 
10 90 aieth 80 2200 1330 587 
15 85 nate 175 2650 1570 658 
25 75 « 304 3000 822 515 
40 60 305 3000 605 435 
50 50 ; 122 2650 446 379 
52.5 47.5 Se) 87 2500 388 343 
10 18.8 TOP 36 2200 1115 548 
16.3 29.3 54.4 110 2620 1100 567 
21.5 39.75 39,75 170 2810 791 501 
26.4 49.1 24.5 240 2940 592 429 


@ Values obtained by minimizing Equation [6]. 


Minimum ignition energy (Te — T1)- 
H, cal. X 108 (m1. —_12), 
Experi- Calcu- Dori, d, deg C/ 
mental lated@ cm cm d/2r em X 105 
19 36 0.038 0.072 D9 3.5 
3.1 3.9 0.017 0.050 2.9 9.5 
1.4 ae 0.016 0.028 1.8 8.0 
5.0 0.032 0.051 1.6 3.5 
110 0.106 0.165 16 0.8 
430 ane 0.192 0.38 2.0 0.38 
170 382 0.090 0.28 3.1 1.3 
20 wee 0.035 0.079 2.3 3.8 
9 0.031 0.053 Vays 3.9 
Do 0.030 0.045 1.5 3.6 
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is about the same as in the diagram, Fig. 6. At height B, it has 
shifted toward the boundary. The shift toward the boundary 
continues up to height C. Here the quenching effect of the tube 
rim is very small, but the curve drops to zero at the stream 
boundary because by interdiffusion with air and transfer of 
momentum an outermost layer of nonexplosive gas is formed. 
At heights exceeding C the nonexplosive boundary layer broad- 
ens, and correspondingly the burning-velocity curve recedes 
from the boundary; hence if the gas velocity is large as shown in 
curve 5, it exceeds the burning velocity everywhere and the flame 
blows off the tube. At any flow between the limiting curves 2 
and 4, the flame settles down to such a height above the rim that 
gas-velocity curve and burning-velocity curve meet each other 
tangentially. For example, let us suppose that the gas stream 
is adjusted to correspond to the gas-velocity curve 3. If the com- 
bustion wave drops below the height B, the burning-velocity curve 
shifts to the right, the gas velocity is larger everywhere, and the 
combustion wave lifts up again toward the height B. If it should 
exceed this height, the burning-velocity curve shifts to the left, 
the gas velocity falls below the burning velocity at some dis- 
tance from the boundary, and the combustion wave is driven 
back to its equilibrium position at height B. 

The flame thus remains stable between a critical lower and 
upper gradient of the gas velocity at the stream boundary, rep- 
resented by the slopes of curves 2 and 4, and corresponding to 
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flash back and blowoff, respectively. For a flame burning in air, — 


the blowoff gradient increases sharply when the mixture is en- 
riched with fuel gas, because in this case the interdiffusing air 


increases the burning velocity at the boundary. Therefore rich | 
However, if the surrounding | 


flames are much more stable. 
atmosphere does not consist of air, but of some inert gas, such 
flames blow off readily. 

If the velocity distribution in the gas stream is known, the 


critical boundary-velocity gradients can be calculated from data . 
on the critical flows for flash back and blowoff. For laminar , 
flow in a cylindrical tube of radius R, the velocity U at the dis- ff 


tance rfrom the axis is given by 


(Of as Gy Ei? —— Tene skin taoccc ns [9] 


where 7 is the viscosity and a the hydrodynamic pressure gradient ff 


along the tube. The flow V is 


R 
v= i, SU = Ween we [10] 
From Equations [9] and [10] the boundary velocity gradient g 
is found to be 


g = lim (—dU/dr) = 4V/eR3............ [11] 
rR 


Fig. 8 shows critical flows for flash back of natural gas-air 
flames in cylindrical tubes of various diameters. Fig. 9 shows 
the same data plotted against g instead of V. In this plot the 
curves coincide substantially, as expected. Exceptions are 
noted whenever the tube diameters approach the limiting di- 
ameters for flame propagation. This is to be expected, because 
the quenching distances are no longer small compared to the tube 
radii and therefore the gas velocity does not increase linearly 
over the quenching distance, that is, the concept of a critical 
boundary-velocity gradient is no longer applicable. Another 
exception is the notable protrusion of the curve for the largest 
tube (1.550 cm diam). This is caused by the asymmetric dis- 
tribution of the gas velocity induced by the thrust of the flame 
gas, as illustrated by an example shown in Fig. 10. Here the 
flow exceeds the critical flow for flash back but the combustion 
wave has partly entered the tube. The thermally expanding 
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Fie.9 CriticaL VELOCITY GRADIENTS AT BOUNDARY OF GAS STREAM 
FoR FiasH Back or Narurau Gas-Air FLAMES IN CYLINDRICAL 
TusBEsS OF DIFFERENT DIAMETERS AT ROOM TEMPERATURE 


flame gas exerts a thrust normal to the tube axis which causes a 
deflection of the stream of unburned gas. The resulting change 
of velocity distribution causes a decrease of the boundary-velocity 
gradient, below the critical flash-back value, in the region where 
the flame penetrates into the tube; this permits the combustion 
wave to propagate against the stream. As the wave travels 
downward, the resistance of the flow of unburned gas to the de- 
flecting thrust increases, due to the increasing confinement by 
the tube wall, and a position of equilibrium is reached in which 
the boundary velocity gradient at the deepest point of penetra- 
tion has become equal to the critical gradient for flash back, but 
exceeds the critical value at lower points in the burner tube. 
The tendency toward tilted flames of this type increases with 


increasing tube diameter, and. the flame is not always arrested in . 


an equilibrium position but flashes back with an irregular wave 
front, indicating induced turbulence in the stream. The flash- 
back region may thus be increased beyond the normal boundary, 
as exemplified in Fig. 9. 

Observations of blowoff in the laminar-flow range have shown 
no appreciable effect of the tube diameter on the critical bound- 
ary velocity gradient, and the stability range of laminar flames 
of natural gas-air mixtures burning in air is essentially circum- 
scribed by the curves in Fig. 11. If the flames are surrounded 
by some other gas*instead of air, the flash-back curve remains 
unchanged, but the blowoff curve is shifted considerably. Oxy- 
gen on the outside greatly enlarges the stable-flame region, and 
inert gases, notably helium, greatly reduce the region. 

The general considerations just cited are evidently applicable 
as well to an inner stream boundary, as, for example, the surface 
of a wire mounted axially in a cylindrical tube. Fig. 12 shows 
a flame stabilized by such a wire while blowing off at the outer 
stream boundary. For laminar flow, the velocity gradient at the 
wire surface can be calculated from the equation of flow through 
an annular channel (11). Observations of blowoff from wires 
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are summarized in Fig. 13. The critical velocity gradients are 
constant over a considerable range of wire diameters. For very 
fine wires they become smaller, and for very large wires they 
become larger, as may be expected from additional considerations 
of the modification of the gas flow above the wire. 

The effect of dilution or enrichment by the surrounding at- 
mosphere does not enter into the blowoff from an inner stream 
boundary. Hence for lean mixtures, the “inner” blowoff gradi- 
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ents are larger than the ‘‘outer”’ ones, while for rich mixtures the 
reverse is true. i 
The applicability of the concept of critical boundary velocity 


Fic. 12 FiLamME ANCHORED IN CENTER OF STREAM OF COMBUSTIBLE. 
Gas By Means or AxtaLLy Mountep Wire, Forminc INVERTED 
ConE 


(Interrupted lines are tracks of fine magnesium-oxide particles, made visible 
by stroboscopic illumination to show direction and velocity of streamlines.) 


gradients to the turbulent-flow range has been recently demon- 
strated on flames of propane and air (12). 
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Discussion 


J. P. LoNGwELuL.® The work reported on ignition sources gives — 
quantitative information on the energy required for ignition that 
is of considerable value in understanding this process. The 
progress made in describing mathematically the stability of simple — 
systems such as the spark-ignition apparatus and the Bunsen. . 
burner by setting up idealized systems has given a better under- 
standing of combustion apparatus. It is to be hoped that it will | 
soon be possible to describe more rigourously these relatively — 
simple systems and to apply similar methods of analysis to the more 
complex systems encountered in practice. The thickness of the 
flame front used in the analysis of the minimum energy required 
for spark ignition is an important part of this analysis and is of | 
considerable interest in itself. It would be appreciated if the | 
authors would give a reference to the source of the information on 
flame thickness. 

It is hoped that studies such as those made by the authors can 
be used to develop tests which will rate fuels used in jet-propul- 
sion equipment according to their ease of ignition and combus- 
tion, so that the relative performances of fuels in various types of 
combustion equipment can be predicted. It would be desirable 
that this test measure some basic quantity which depends only 
upon the composition, pressure, and temperature of the mixture 
and is independent of the particular test equipment. Measure- 
ments of such quantities as burning velocity or minimum spark- 
ignition energy could possibly serve this purpose. Examination 
of the data indicates that a large increase in flame velocity is re- 
flected in a decrease in minimum spark-ignition energy and mini- 
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‘mum plate spacing. While this correlation was rough it indi- 
cated, as did the analysis, that these three quantities are not inde- 
pendent, and probably do not indicate entirely different charac- 
teristics for purposes of rating fuels. It is hoped that data on the 
hydrocarbons used in jet-propulsion practice will be obtained so 
comparisons can be made with the performance of these fuels in 
more complex combustion equipment. 

A related study is being carried out by the Standard Oil De- 
velopment Company partially supported by the Office of Naval 
Research. In this work various-size capacitors, charged to 600 
volts, are discharged through aspark gap of 2.8 mm in mixtures of 
hydrocarbon, nitrogen, and oxygen. The present phase of this 
work is concerned with ignition at very low pressures, and Table 2 
of this discussion shows the minimum pressure at which ignition 
could be obtained for various capacitances. 


TABLE 2 CAPACITANCE REQUIRED FOR IGNITION OF 
HYDROCARBON AIR MIXTURES AT LOW PRESSURES 


Minimum pressure at which ignition 


Capacitance, can be obtained, mm Hg 
mfd Iso-octane N-Butane Butadiene 
4 44 46 26 
8 37 34 26 
18 31 28 21 
48 31 28 21 


These mixtures were all slightly richer than stoichiometric, and 
it is indicated that considerably larger capacitors are needed at 
these low pressures than were used in the Bureau of Mines work 
at higher pressures. It is also noted that increasing the capaci- 
tance beyond 18 mfd did not allow ignition at lower pressures, so 
that this pressure might be taken as the minimum pressure at 
which ignition can be obtained with the particular hydrocarbon- 
air mixture. The effect of addition of oxygen in making igni- 
tion easier is demonstrated by the fact that, in these tests, ignition 
was possible at less than 3 mm pressure with mixtures of butane 
and oxygen. Studies at such low pressures are made difficult by 
the fact that the spark discharge becomes quite diffuse. 


G. C. Witutams.6 The present paper exhibits the carefully 
performed experiments and thorough attempt at elucidation of 
experiment in terms of theoretical analysis characteristic of the 
authors’ writings in this field. Because of the summarizing 
nature of the present paper, several questions which appear to be 
rather incompletely answered in this presentation may, in effect, 
be answered by reference to more detailed supporting articles in 
another journal (authors’ references 6 and 7). 

In the description of the function of the excess-energy concept 
for the spreading combustion wave, it is clearly stated that a num- 
ber of assumptions are made to arrive at a manageable mathe- 
matical relation between minimum ignition energy H and mini- 
mum flame radius 7. No mention, however, is made of assump- 
tions regarding the importance of heat flow by the mechanism of 
radiation. Allowance could be made for this mode of heat trans- 
fer by proper choice of a fictitious thermal conductivity mu for the 
gas. However, this would entail different fictitious values of p 
for every flame temperature and surroundings temperature. In 
addition, it can be demonstrated mathematically that if radiation 
from the flame front is sufficiently important, the gases at some 
point within the flame front can be at a higher temperature than 
that corresponding to the adiabatic equilibrium flame tempera- 
ture, and the temperature and enthalpy curves in Fig. 5 of the 
paper would have to be modified to allow for heat reception by 
nonluminous burned gases. The question can be raised as to 
appropriateness of the use of burning velocity S, for a plane com- 
bustion wave in a relation for flame propagation in systems having 
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such small radii of curvature. It appears probable that a lower 
value would obtain for propagation from a ‘‘point” than for 
planar propagation. Whether this difference would be of no 
greater magnitude than that introduced by the approximations 
acknowledgedly made may be worth investigating. 

Presumably the data given in Table 1 of the paper are for ex- 
periments made at latm. A statement of the test pressure or of 
values of g for each of the tests would be enlightening. Appar- 
ently both minimum ignition energy and quenching distance in- 
crease with decrease in pressure. Comparison of Figs. 3 and 4 of 
the paper indicates that for a given gas composition the propor- 
tionality of minimum energy with pressure is approximately in- 
verse. It would be of interest to know the effects of mixture 
pressure and temperature on both the variables H and 7. 

The statement regarding the effect of spark-discharge time on 
minimum ignition energy brings to mind another rather practical 
question: Are there any data on the effect of mixture velocity 
flowing past a spark gap on the minimum energy or quenching 
distance? It would appear offhand that the former, if sufficiently 
rapid in discharge, might be relatively unaffected unless turbu- 
lence scales of the order of, or smaller than, 27; were involved; 
whereas the latter, if measured by the spark gap, might be con- 
siderably reduced by increased velocity. 

The statement that blow-off gradients for “inner”? boundaries 
are less'than those for “‘outer’”’ boundaries in the fuel-rich region 
does not appear to be borne out by any experimental data in the 
papers quoted. In any event, application of the concept of 
critical inner-boundary velocity gradients should certainly be 
made carefully to systems where heat transfer from the flame to 
the boundary and thence to the fresh gas can result in considera- 
ble preheating of the gas mixture before arrival at the flame 
front. In such cases the thermally conducting axial length of 
the flame anchor may be quite as important as the developed 
boundary layer in stabilization of inverted flames. 


AvuTHORS’ CLOSURE 


We have estimated the temperature changes in the combustion 
wave due to radiation, using values of emissivity and absorptivity 
of water vapor and carbon dioxide given by Hottel and Mangels- 
dorf,’ also Hottel and Smith,’ and find that they cannot exceed a 
few hundredths of a degree. This estimate was arrived at by con- 
sidering the energy absorbed by a layer of pure water vapor 
(whose absorptivity coefficient is considerably larger than that of 
combustion gases) of the thickness of the combustion wave, dur- 
ing the time of passage through the wave. ‘The layer is assumed 
to be exposed to the radiation of a black body atthe flame tem- 
perature. 

The burning velocity in a plane combustion wave is propor- 
tional to the function a@,,, defined by Equation [7] of the paper. 
The burning velocity for any radius of curvature is smaller by a 
factor a/a.. The value of a is found from Equation [8]. 

The data given in Table 1 are for burning-velocity determina- 
tions at atmospheric pressure; by an oversight mention of this 
was omitted. Bunsen-burner measurements of burning velocity 
have thus far been carried out only at atmospheric pressure. ; 

The minimum ignition energy and quenching distance in- 
creases with decreasing pressure. Details of these results are 
given in the paper referred to in reference (6). 

There are no data on the effect of gas velocity on the minimum 


7“Heat Transmission by Radiation From Non-Luminous Gases. 
II—Experimental Study of Carbon Dioxide and Water Vapor,” by 
H. C. Hottel and H. G. Mangelsdorf, Trans. AIChE, vol. 31, 1934- 
1935, pp. 517-549. ~ 

8 “Radiation From Nonlumjnous Flames,’”’ by H. C. Hottel and 
V.C. Smith, Trans. ASME, vol. 57, 1935, pp. 463-470. 
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ignition energy and quenching distance. As Professor Williams 
points out, one should expect for sufficiently rapid discharge no 
effect on the minimum ignition energy unless turbulence scales of 
the order of, or smaller than, 2r, were involved. One may visual- 
ize, in principle, that with sufficiently high gas velocity the flame 
will clear the quenching surfaces, assuming the latter to consist of 
small plates parallel to the flow. 

It is true that no data are given in the paper to substantiate the 
statement that blowoff gradients for inner boundaries are less 
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than those for outer boundaries in the fuel-rich region. However, 
as the limit of inflammability is reached, burning velocities 
become very small, hence the critical velocity gradient for 
inner boundary blowoff must vanish, while the gradient for outer 
boundary blowoff remains large owing to diffusion of atmos- 
pheric oxygen into the outer boundary. This can be illustrated 
simply by decreasing gradually the air supply to an ordinary 
Méker burner. As the mixture becomes rich the small inner flame 
cones blow off, giving way to one large cone anchored to the rim. 


Ga Wacbine Plant Combustion-Chamber 
Efficiency 


By A. L. LONDON,! STANFORD UNIVERSITY, CALIF. 


Concepts of gas-turbine plant combustion-chamber 
efficiency are considered. Three distinct efficiency terms 
are required, one applying to incomplete combustion and 
setting losses, one to the flow friction and auxiliary-drive 
energy requirements, and the third to the influence of 
these losses on over-all plant thermal efficiency and output. 
These efficiencies are defined and details of application indi- 
cated. The proposed concepts are recommended for con- 
sideration as standards since they are thermodynamically 
meaningful, unambiguous, and relatively easy to apply 
both in evaluation of test performance and in cycle analy- 
sis. 


NOMENCLATURE 
Cy,Cy = gas unit heat capacities at constant pressure and vol- 
ume, respectively, Btu/(lb deg F) 
ha eonoue onehamn ber auxiliary-drive energy require- 
ment, Btu/lb of turbine flow 
f,f; = fuel requirement of the actual] and ideal combustion 
chambers, respectively, lb/Ib of air supply 
h = unit thermal enthalpy, Btu/lb. The substance con- 
sidered is designated by a subscript, e.g., a for air, 
p for products, f for fuel, \ for the \ mixture 
Ah = change of unit thermal enthalpy, Btu/lb. The tem- 
perature limits for the change are indicated as ¢, A:,. 
The subscript © denotes an isentropic process change 
6h, = difference between the two Ah© magnitudes defined in 
Fig. 2, Btu/lb 
AH = thermal enthalpy change for the combustion chamber 
J flow from inlet fuel and air to outlet products, Btu/lb 
of inlet air 
HHV, = fuel “higher heating value,” Btu/lb of fuel 
IC = “incomplete combustion chemical energy,” Btu/lb of 
air 
k = specific heat ratio c,/c, 
LHV, = fuel “lower heating value,” Btu/lb of fuel 
P = gas pressure. Subscripts 1 and 2 refer to combustion- 
chamber inlet and discharge respectively, and sub- 
script 3 to turbine exhaust 
AP = combustion-chamber pressure drop, Pi—P2 
‘P* = ideal pressure ratio, inlet to combustion chamber 
divided by the turbine exhaust pressure, P,/P3 
Q, = combustion-chamber setting loss, Btu/Ib of air 
t = temperature, F. Subscripts: a refers to air, p to 
products, f to fuel, o to reference state 
V = gas volume, ft?/lb of air supplied to the combustion 
chamber 
Wnhet = net gas-turbine plant work, Btu/lb of turbine flow 


A, 6 as a prefix denotes a difference. 
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n- = combustion-chamber combustion efficiency. Sub- 
script 1 refers to Equation [1] definition, subscript 
2 refers to Equation [2] definition. 

am = combustion-chamber mechanical efficiency. 

2) = combustion-chamber over-all efficiency 

ny = turbine-shaft isentropic efficiency 

» = gas mixture defined as H.O, COn, etc., products of 


combustion minus the O, used on complete combus- 
tion, lb/lb of fuel 

a denotes air 

f denotes fuel 

t denotes ideal system 

o denotes reference state except for 7, 

p denotes products of the combustion chamber 

© denotes an isentropic process 


INTRODUCTION 


ANY different groups and organizations are working on 
the gas-turbine plant combustion-chamber develop- 


ment. Consequently it is highly desirable that some 
standard definitions of efficiency applying to combustion-cham- 
ber performance be established. While this paper makes specific 
recommendations in this regard, it is aimed primarily at stimulat- 
ing discussion with a view to early standardization. 
Any standard definition of efficiency of a system should satisfy 
the following requirements: 


1 The definition should be ‘‘thermodynamically significant,” 
that is, it should relate to the efficiency of conversion of one form 
of energy to another desired form; or, it should compare actual 
system performance to that of an “ideal system.”’ 

2 The 100 per cent magnitude should represent the “‘asymp- 
tote of performance” of any actual system, that is, ‘defined 
perfection” should be an approachable goal. 

3 It should allow ready critical comparison of performance 
of different systems. 

4 It should be easy to apply in eycle analyses. 

5 It should be readily calculable from experimental measure- 
ments. 


The function of the combustion chamber of a gas-turbine plant 
is to produce hot gas under pressure from the “internal combus- 
tion”’ of a fuel with compressed air. Qualitatively, performance 
may be judged by the following criteria: 


1 The gas must be ‘‘clean” to avoid fouling and erosion of 
the combustion chamber, turbine, and regenerator. 

2 The “heat leak’ (or ‘‘setting loss’) must be 
maximum plant efficiency. 

3 The combustion must ‘‘closely approach” thermodynamic 
completeness for maximum plant efficiency. 

4 The flow friction expenditure must be “small” for maximum 
plant efficiency and output. 

5 The energy requirements for the auxiliaries must be “small” 
for maximum plant efficiency and output. 


“small” for 


Aside from the first criterion the remainder all relate to plant 
efficiency and are susceptible to quantitative expression. It is 
the purpose of this paper to define three efficiency expressions, 
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one a “combustion efficiency” relating to criteria 2 and 3; the 
second a “mechanical efficiency” relating to criteria 4 and 5; 
and the last an ‘over-all efficiency” combining the first two ex- 
pressions and certain cycle parameters. 

The foregoing combustion efficiency will also be compared to a 
definition stemming from the orthodox concept of the steam- 
generating efficiency of a boiler. 


CoMBUSTION EFFICIENCY 


The effect of heat leak from the combustion chamber and in- 
complete combustion may be expressed in terms of a combustion 
efficiency. This term is defined and discussed in the following 
development, which parallels that given in reference (1).? 


Q,= Setting Loss 


1 lb air 
at tg 


"ACTUAL" COMB. | (Itf) Ibs products, tp 


f Ibs fuel CHAMBER Zk : , 
at te Sorat mreodeia 
FIGURE la 
I lb air 


at t, "IDEAL" COMB. 


a (I+fi) Ibs products, tp 
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at ts No setting loss 
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FALGURIE 2s ieb 
| Ib air 
atta "IDEAL" ‘COMB. 


(I+ f) Ibs products, tpj 


CHAMBER Gombustion complete 


No setting loss 
tpirtp 


FIGURE Ic 


ScHEMATIC DESCRIPTIONS OF THE ACTUAL AND Two 
IprEAL CoMBUSTION-CHAMBER SYSTEMS : 
(Material quantities are given relative to one pound of air flow.) 


Fie. 1 


Consider the schematic illustration of the “actual”? combustion- 
chamber system shown in Fig. 1(a). Steady-state flow condi- 
tions are postulated so that for each pound mass of inlet air flow 
at temperature ¢, there are f lb of fuel at t, and (1 + f) lb of 
products at temperature ¢,. The setting loss is symbolized by 
Q, Btu/(lb of air). Any incomplete combustion is evidenced in 
the products by combustible components. 

If it is granted that the function of the combustion chamber 
is to produce hot gas at a temperature ¢, from the supply air at t, 
with a minimum expenditure of fuel, then an ideal combustion 
chamber may be defined as depicted in Fig. 1(b). For this ideal 
system the following restrictions obtain: 1, Temperature of 
entering air, inlet fuel, and exit products are equal to the corre- 
sponding operating temperatures of the actual system; 2, com- 
bustion is adiabatic, that is, the setting loss is zero; and 3, the 
reaction of fuel and oxygen is ‘‘complete” so that no further 
combustion is possible for the exit products at the temperature t 
As a result of these specifications the fuel requirement of the ideal 
system, f;, will be less than that of the actual system, f. 

The significance of the term ‘‘complete combustion” requires 
clarification. In most gas turbines using hydrocarbon fuels and 
air, the temperature t, is sufficiently low so that dissociation is 
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negligible, and consequently, ‘“thermodynamically complete” 
combustion is identical to “‘stoichiometrically complete” com- 
bustion. However, for combustion-chamber operation at higher 
temperatures (as, for instance, in ramjets), dissociation may be 
significant. In such cases, to secure true thermodynamic signi- 
ficance to the concept of the ideal combustion chamber, com- 
plete combustion should mean thermodynamically complete, as 
can be calculated from the equilibrium constants for the chemical 
reactions which form the combustion process. 

The ideal combustion chamber, Fig. 1(b), evolved from the 
concept that the function of the combustion system was to pro- 
duce products at temperature t, from supply air. at temperature 
t, with a minimum expenditure of fuel. Another logical ideal 
combustion-chamber system would result from the concept 
that the function was the production of the maximum products 
temperature from the expenditure of the same amount of fuel, 
f, as for the actual system. Such an ideal combustion chamber 
is described in Fig. 1(c). For this system the following restric- 
tions obtain: 1, Temperature of entering air and inlet fuel 
are equal to the corresponding temperatures of the actual system; 
2, the fuel flow, f, is identical to that of the actual system; 
3, combustion is adiabatic; and 4, the reaction of fuel and 
oxygen is complete. As a result of these specifications. the 
ideal system products temperature, ¢,;, and hence thermal en- 
thalpy, h,;, will be higher than for the actual system, ¢, and h,. 

A combustion efficiency may now be defined which will re- 
late the actual combustion-chamber performance, Fig. 1(a), to 
the behavior of one of the ideal systems, Fig. 1(b) or 1(c). Thus 
the comparison of actual to minimum fuel requirement, Figs. 
1(a) and 1(6) yields 


Wass hi leces od eae (1] 


The comparison of actual to maximum products enthalpy (or 
temperature) yields, Figs. 1(a), 1(c) 


1c = AH actual/ AHideal system 1c ----+e2e-eee ee eee [2] 


where AH is the “thermal” enthalpy increase of the flow from 


the inlet air and fuel state to the exit products state. For the 
steady-flow systems considered, the thermal enthalpy function 
has the significance of internal thermal energy plus flow.work. 
The term “thermal” is used to qualify the enthalpy expression 
to indicate that chemical internal energy and the PV change due 
to chemical combination of the elements (and subsequent change 
in the number of molecules) are omitted. In Equation [2] 


AFideal system le = f x Vi, 


the constant pressure “heating value” of f lb of the fuel at the 
reference state indicated by the subscript zero. This heating 
value is the decrease of chemical internal energy plus the decrease 
of PV due to the change in the number of molecules occurring 
during the combustion reaction. This PV change might be re- 
ferred to as the ‘‘chemical’’ PV change to distinguish it from the 
thermal PV change associated with temperature. 

It is necessary that the same reference state (pressure, tem- 
perature, and phase condition) be employed in evaluating the 
thermal enthalpy change, AH as used in the expression of H Vis 
For instance, if the “higher heating value’ HHV, is employed 
the enthalpy of the water of combustion must be referred to a 
liquid state at temperature ¢,, whereas if the “lower heating 
value”, LHV,, is used, the water enthalpy is referred to a vapor 
state at temperature ¢,. Unlike the definition of steam-boiler 
efficiency, it is immaterial which heating value is employed as 
long as thermal enthalpies are referred to the proper reference 
state. Normally the reference state-pressure has a negligible 
influence in these calculations and may be omitted from further 
consideration. Equation [2] may now be written 
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It is seen to be analogous to the conventional efficiency expression 
for a steam boiler with AHactual comparable to the “useful en- 
thalpy increase” from the feedwater state to the product steam 
state. For this reason Equation [3] has assumed some popular- 
ity in expressing test performance and for cycle calculations. 

These calculations, in addition to the thermodynamic-proper- 
ties data, require a specification of: 1, products composition; 
2, products temperature; 3, inlet air temperature and humidity; 
4, inlet fuel temperature; 5, HV, of the fuel; 6, test fuel con- 
sumption per lb of air for the calculation of efficiency from test 
results; or 7, estimated combustion efficiency, 72, for the cycle 
prediction of fuel requirement. 

In contrast, the defining Equation [1] for the combustion 
efficiency requires these data with the exception of the products 
composition and*the addition of an ultimate analysis of the fuel. 
For normal hydrocarbon fuels a knowledge of the hydrogen/car- 
bon ratio is sufficient. 

Two combustion-efficiency expressions have been defined and 
the data required for their use have been specified. The selection 
of one definition as a standard in preference to the other depends 

_on an evaluation of their relative merits in terms of the criteria 
of a suitable definition as expressed in the introduction. Such 
a comparison is presented in the following discussion. 

Both definitions are thermodynamically significant in that 

they relate actual combustion-chamber performance to that of 

“approachable” ideal system. However, yn», Equation [3], 
has the disadvantage in that some degree of arbitrariness is intro- 
duced by the necessity of specifying the reference state which 
enters into both the denominator f X HV, term and the numera- 
tor enthalpy term. For any magnitude of 7.2 < 100 per cent 
the selection of the reference state will influence the magnitude 
of the calculated result. This effect is small enough to be neg- 
ligible in most calculations; nevertheless, it is desirable to elimi- 
nate such ambiguities. This may be accomplished by specifying 
arbitrarily the standard reference temperature, e.g., 60 F. How- 
ever, for 7,1, Equation [1], no such specification is necessary. 
While HV, enters into the calculation of the ideal fuel require- 
ment, f;, any reference state with the correct heating value will 
yield identical results. 

Either definition is adequate for allowing critical comparison 
of the ‘‘combustion performance” of two or more combustion 
chambers, aside of course from the question of temperature 
uniformity of the exit products. 

With respect to the criteria of ease of evaluation from test 
results or use in cycle calculations, na, Equation [1], is superior 
to 722, Equation [3]. This may be demonstrated by writing an 
energy balance and by considering the details of evaluation of the 
terms in Equations [1] and [3] for a combustion chamber. 

Refer to the actual combustion-chamber system déscribed 
in Fig. 1(a). For steady-state flow conditions the following 
energy-balance expression results 


hata + fHV, + f X My = . [4] 


where Q, is the setting loss and JC the incomplete-combustion 
loss. All thermal enthalpy terms h are referred to the reference 
state (defined by t, and phase condition) as employed in the- 
expression of HV,. The temperature subscripts on the h terms 
refer to f,, t,, t, as shown i in the illustration, Fig. 1(a). 

For the stent system, Fig. 1(b), Equation [4], with Q, and IC, 
zero, reduces to 


hasta ar SHV, SF fily, faa (1 + fi)hosp ow lsisia ie suse [5] 


For the remainder of this discussion it will be assumed that the 


(1 + f)houp + Q, + IC.. 
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inlet air is free of water vapor. While the effect of inlet water 
vapor may be taken into account by additional terms these will 
be omitted here for clarity. The products leaving the com- 
bustion chamber consist of the CO;, H,O, and other components 
of complete combustion, plus excess air, plus N2 associated with 
the oxygen used. After the method of references (2) and (3), it 
is convenient from the point of view of the calculations to con- 


. sider the exhaust products as a two-component mixture, a dry- 


air component plus a “X”? component. The \ component is a 
‘“nonphysical” defined mixture consisting of the H,O, COs; and 
other products of combustion minus the oxygen consumed on 
combustion. On this basis, (1 + f;) lb of products consists of 1 
lb of air plus f lb of component \ and thus 


CLF fe) Ne t5 == Nato ta Selthstge ae sass LOL 


Introducing Equation [6] into paeten [4] and solving for the 
ideal fuel requirement results in 


fi; i Ary h,/(HV, “= hy ty — hy.tp) eco crcceees (7] 


The numerator, 1,A:,h,, the enthalpy change of air from in- 
let temperature t, to a temperature equal to that of the products 
t,, may be accurately evaluated from tables such as reference 
(4) or, more conveniently, from charts such as contained in refer- 
ence (3). The heating value HV,, either “higher’’ or “‘lower,” 
must be specified (any reference state may be employed). The 
enthalpy of the fuel at temperature ¢,, referred to ¢, as a datum 
can be approximated from the specific-heat capacity for the 
fuel (0.50 Btu/(lb deg F) for most liquid hydrocarbons. High 
accuracy in this term is not necessary as it is usually very small 
relative to the HV, term. The enthalpy of the \ component 
may be evaluated from the following information: 1, An ulti- 
mate analysis of the fuel, and 2, the equilibrium constants as a 
function of temperature ¢,. For most hydrocarbon fuels, and 
for t, < 2500 F, negligible error is introduced by the assumption 
of zero dissociation. Then, from the hydrogen/carbon ratio, 
the stoichiometric equations and available thermodynamic prop- 
erties data for CO2, H2O, and Oz, it is possible to prepare a table 
or chart of the enthalpy of the \ component vs. temperature. 
Two such charts are available in reference (3), one for a hydrogen/ 
carbon ratio of 0.15 corresponding to a Diesel-type oil and the 
other for 0.18 corresponding to gasoline or kerosene. These 
charts were prepared for use with the lower heating value LHV,, 
that is, for a gaseous reference phase for the water of combustion. 
Consequently, if the HHV, is given, it is either necessary to 
evaluate LHV, from it or add to the hy the latent heat of vapori- 
zation of the water of combustion per lb of fuel at temperature ¢,. 

As an illustration of the use of Equation [7], consider the 
problem of determining the ideal fuel requirement, f;, given the 
following: 


Fuel data: 
HHYV, = 19,500 Btu/Ib fort, = 60 F 
t = 100F 


specific heat = 0.5 Btu/lb deg F 
hydrogen/carbon ratio = 0.15 (Diesel oil) 
fuel consumption f = 0.00856 lb/Ib air 
Air inlet temperature tf, = 650 F 
Products exit temperature t, = 1200 F 


From the air charts of reference (3) 


taAtpg = s50F Aicwrh, = 316.6 — 173.2 = 143.4 Btu/Ib air 


For the given hydrogen carbon ratio, 1.17 lb of water of com- 
bustion per lb of fuelisformed. Thus using steam-table data for 
the latent heat of vaporization at 60 F 
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LHV, = 19,500 — 1.17 X 1060 = 18,260 Btu/Ib of fuel 


The enthalpy of the liquid fuel referred to the reference tempera- 
ture, t, = 60 F, is 


hyty = hy, 100r = (100 —60) X 0.5 = 20 Btu/Ib of fuel 
(about 0.1 per cent of the LHV, term) 


The enthalpy of the \ component referred to the reference state 
temperature of 60 F is evaluated as an enthalpy difference from 
chart 11 of reference (3) as 


Arty = hrn20r = 823 — 70 = 653 Btu/Ib of fuel 


Then, from Equation [7] 
fi = 148.4/(18,260 + 20 — 653) = 0.00814 Ib/Ib air 


The combustion efficiency from Equation [1] and the given 
f = 0.00856 lb/lb is then 


nea = fi/f = 0.00814/0.00856 = 95.0 per cent 


It is evident that the foregoing calculations are easily accom- 
plished provided thermodynamic charts for the properties of the 
\ component are available. If they are not available, it is neces- 
sary to work with the CO:, HO, and ‘‘negative’’? O. components 
of the mixture using Dalton’s law for the enthalpy of the mix- 
ture as the algebraic sum of the enthalpies of the components, 
duly weighted in accordance with their mass fraction expressed 
as lb/lb of fuel. It is to be emphasized again that the use of a 
negative oxygen component is for algebraic convenience only, 
and that such a negative component can have no physical 
existence. 

Refer now to the ideal system Fig. l(c). For this adiabatic 
and complete combustion system Equation [4] reduces to 


hata al Ay x Ja Mas =F fhyy = qd + f)hp.tps 
The increase in thermal enthalpy for this ideal system is 


hata —Shiny =f X HV, 
Sect bee [8] 


as previously stated. From Equation [4] the actual increase in 
thermal enthalpy is i 


AH == {1 + f) Rot Sali haste — fhyy} ors ai 8s 0 ee (9] 


Then the combustion efficiency, in accordance with Equation 
[3], may be expressed 


nee = {(1 +f) hop — hata —Shy.y} /f X HV,......-. [10] 


For the problem of calculating 7.2 from experimental data, the 
composition of the products is required. Further, since f appears 
both in the numerator and denominator, the calculation for f 
for any given 7-2 is more difficult relative to the calculation from 
na. It is apparent therefore that in rigorous application, Equa- 
tion [2] and the resulting computing Equation [10] are more 
difficult to apply than Equation [1]. A useful approximation 
can be made, however, which will simplify the use of Equation 
{10]. The actual products will have approximately the same 
thermal enthalpy-temperature relation as the products of com- 
plete combustion. Then, it becomes convenient to consider, as 
before, the actual products as consisting of the two-component 
air-\ mixture. On this basis Equation [9] may be written 


AH ideal system 1, = (1 + f) Aotp; — 


AH a ta Atpha + f(Dr.tp — hy,ty) egarinvepanteliey esis: *: 6 {11] 
and Equation [10] becomes 
ite Atpha Ny,tp == hyty 
ne = | x HY, Pian {12] 
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Calculations from this equation can be simplified by the use 
of the charts of reference (3). As an illustration, consider the 
previously given numerical data.. Using the charts of reference 
(3), as before, for the evaluation of :,Arjhg and hy,,, Equation 
[12] yields 


bs 143.4 
~ 0.00856 X 18,260 


653 — 20 
18,260 
= 0.919 + 0.0347 = 95.4 per cent 


This compares to the previous result for 71 of 95.0 per cent. 
This lack of agreement between 71 and 7-2 is characteristic of 
the basic difference in the definitions, and ranges from zero per 
cent at 7. = 100 per cent to about 1.2 per cent at 7. = 90 per cent, 
reference (1). For this reason alone it is important from the point 
of view of standardization to settle on either one or the other of 
the definitions. It is proposed that the defining Equation [1] 
for ne: be selected in preference to the defining Equation [2] for 
ne. in view of 1, the lack of dependence of the magnitude of the 
combustion efficiency on the arbitrary selection of a reference 
state for the heating-value expression; 2, the more ready 
rigorous application in calcuJations; 3, the more direct associa- 


tion with the function of a combustion chamber to produce . 


products at a specified outlet temperature, ¢t,; and 4, the fact 
that exhaust-gas composition is not required for the calculation of 
efficiency from test data. 


MeEcHANICAL AND OveR-ALL EFFICIENCY 


A combustion chamber with a high 7, may be less desirable 
than a unit with a poorer combustion efficiency if the pressure 
drop flow friction expenditure is relatively large. As flow fric- 
tion subtracts directly from the turbine work derivable from the 
products, its effect is reflected in both reduced plant thermal 
efficiency and rated output. Similarly, the energy requirements 


. for auxiliaries such as fuel pumps, cooling air blowers, and the 


like, also reduce rated plant output and thermal efficiency. 

A method of expressing these ‘‘mechanical inefficiencies”’ of the 
combustion chamber on an energy basis comparable to that of 
the previously considered ‘combustion inefficiencies” would 
allow a quantitative comparison of the thermodynamic per- 
formance of several units. The purpose of the following dis- 
cussion is to define a “mechanical efficiency” term, 7, descrip- 
tive of combustion-chamber performance, and to combine it 
with 7, and certain cycle parameters, to arrive at a thermo- 
dynamic or “‘over-all’’ combustion-chamber efficiency, ,. While 
nm, the mechanical efficiency, depends primarily on the com- 
bustion chamber in question, in order to express mechanical 
losses in terms of plant performance it is necessary to introduce 
certain gas-turbine cycle parameters. In effect then, the over- 
all efficiency, 7,, is not solely a combustion-chamber character- 
istic as it defines performance of the combustion chamber within 
a particular gas-turbine plant. 

The combustion-chamber mechanical efficiency will be de- 
fined in terms of the relative performance of the actual and an 
ideal combustion chamber with respect to the isentropic work 
available at_combustion-chamber discharge pressure. The ideal 
combustion chamber’ for this definition will be specified as fol- 
lows: ‘ ; 


1 The same products temperature and composition as the 
actual system. 

2 The same inlet pressure but zero pressure drop in passage 
through the chamber. Note that on an exact basis “total 
pressure’’ should be used in place of static pressures. 

3 Zero auxiliary energy requirement. 


Asa result of these specifications, the energy derivable from an 
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Fic. 2 Ismnrropic Tursins Processes WITH AND WITHOUT 
ComBUSTION-CHAMBER PRESSURE Drop ILLUSTRATING THE Loss 
. or TURBINE AVAILABLE ENERGY 6hz 


isentropic turbine process is pictured as Ah@ in Fig. 2, where P; 
is the ideal combustion-system discharge pressure identical to 
the actual inlet pressure. In contrast, for the actual chamber, 
in view of the flow pressure drop AP = P, — P», the reduced 
isentropic turbine available energy Ah®’ results. Consequently, 
the isentropic energy loss chargeable to flow friction pressure 
drop is 


ois Ht JNO) == ZNO} one as Caner [13] 


All the indicated enthalpy changés are expressed per lb of turbine 
flow corresponding to combustion-chamber products flow. 

In addition to this loss, the actual combustion chamber requires 
mechanical energy for the auxiliaries to the extent of # Btu/Ib 
of turbine flow. The total mechanical energy loss is then (sh; + 
FE) and, in accordance with the definition for mechanical effi- 
ciency 


(sh, + E) 


a 
1M Ah® 


Some objection exists here in giving the auxiliary energy the 
same “‘value” per unit energy as 6hz. Since £ is derived from the 
actual turbine output its value based on turbine inlet conditions 
would be H/n7 where 77 is the turbine efficiency. However, 
is generally small relative to 6h,. Further, it may be argued 
that the combustion chamber should not be charged with actual 
turbine inefficiency. For these reasons the evaluation implied 
in Equation [14] is considered as justified. 

The quantity Ah© in Equation [14] may be evaluated from a 
knowledge of the products temperature leaving the combustion 
chamber and the ‘‘ideal pressure ratio,” P* = P,/P3. For a 
cycle with two turbines in series without an intermediate reheat 
stage, P; would correspond to the exhaust of the lower-pressure 
turbine. 

The mechanical losses specified by ny, Equation [14], are not 
directly comparable to the combustion losses specified by Equa- 
tion [1]. This arises from the fact that actual gas-turbine cycles 
operate with turbine efficiencies less than 100 per cent (about 
80-90 per cent) and with net work ratios (nwr) substantially 
less than unity (about 0.20 to 0.45). However, for any par- 
ticular gas-turbine plant it is possible to evaluate combustion- 
chamber losses in terms of their influence on plant specific fuel 
consumption. From this viewpoint an over-all combustion- 
chamber efficiency may be defined as follows: 7, compares net 
work per lb of fuel of the gas-turbine plant and actual combustion 


chamber, to the net work per Ib of fuel from the plant modified 
to operate with an ideal combustion chamber having ny, 7. = 
100 per cent. 

For the plant with the ideal combustion chamber there is an 
increase of net plant work to the extent of Ah@n7(1 — ny), and 
a reduction of fuel requirement from f to f;. The slight differ- 
ence in Ah© due to ideal and actual products difference in com- 
position may be neglected. Then, if Wnet denotes the actual 
cycle net work (Btu/Ib of turbine flow), the definition of 7, yields 


s) Waret ft + Ah® n7(1 — ny) 
ae 7 Talk f/A +fo 


The ratio (1 + f)/(1 + f;,) in this equation closely approximates 
unity, and introducing 7, = f;/f the expression becomes 


6 
Wet | 
>» = 1.1 = ......-.- [15 
i - E + Ah@nr(1 — nm) 
which may be rearranged to yield 
il Stir | 
i, = Ne Vy = [loon tcc ence 16 
Wess / | (Wnei/ Mh@ nz) an 


It is seen that the plant parameters required, in addition to the 
ne Nw Combustion-chamber characteristics, are turbine efficiency, 
nr, and net cycle work relative to the isentropic available energy 
(Wnet/ Ah®). ‘ 

For the case of a plant with just a single combustion chamber, 
the term Wnhet/Ah@nr has the approximate significance of the 
cycle ‘‘net work ratio,” i.e., net work to turbine work ratio. It 
is seen then, from Equation [16], that mechanical inefficiency is 
multiplied by the reciprocal of the net work ratio in so far as the 
effect on plant cycle efficiency is concerned. As an example, 


- for a net work ratio of 1/3, a one per cent mechanical inefficiency 


has a 3 per cent effect on plant thermal efficiency. Furthermore, 
plant ‘‘size’” for a specified rating must be increased to compen- 
sate for (1 — m),) in the same proportion as plant thermal effi- 
ciency is decreased. 

Equation [16] will also serve for a particular combustion 
chamber in a reheat cycle. In this case np and Ah® apply to the 
particular turbine between the combustion chamber in question 
and the next reheat chamber. 

In experimental work the combustion-chamber friction per- 
formance is normally measured in terms of pressures, i.e., up- 
stream pressure P; and pressure drop AP. If flow kinetic-energy 
changes are of a significant magnitude “‘total pressures’? may be 
used in place of static pressure. Then, this data may be used 
for the evaluation of Ah© and 6h, which enter into the calculation 
of ny and 7,, Equations [14] and [16]. Methods and thermo- 
dynamic data for calculating 5h, and Ah© are given in references 
(3) and (4). ’ 

Fig. 3 was prepared as an aid in these calculations. It may be 
shown (5) that the ratio (6h,/ Ah®) /( AP/P;) is afunction of the 
ideal expansion ratio, P*, the fraction pressure drop, AP/P,, 
and k = c,/c, of the turbine working substance. However, this 
ratio is not very sensitive to the fraction pressure drop for AP/P, 
less than 10 per cent, and the influence of the gas temperature 
into the turbine is relatively small. Consequently, a plot of 
(dh, / Ah©) /( AP/P) vs. the ideal expansion ratio, P*, calculated 
for a given AP/P,; = 0.05 and turbine inlet temperature of 1800 
R, will apply with good accuracy to a range of AP/P, from 0-10 
per cent and a range of turbine inlet temperatures from 1200 to 
2200 R. 

As an illustration of the use of Fig. 3 and the application of 
Equations [14] and [16], consider the problem of evaluating nj, 
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RATIO P* 


Fie. 3 Toe REeLation BETWEEN COMBUSTION-CHAMBER PRESSURE 


PRESSURE 


Drop Fraction, AP/P:, Loss or Isenrropic TurBINE Work 
Fraction, dht/Ah©, AND THE IDEAL PRESSURE Ratio P¥ = P;/P3; 
(Refer to Fig. 2 for a description of the turbine processes.) 


and 7, given the following data for a ‘‘no-reheat’’ cycle 


Combustion chamber: 
Ne = 0.98 
AP / Py = 0.04 
auxiliary energy requirements = 3 hp/1000 shp 
Turbine: 
ideal expansion ratio P* = 4.00 
(based on combustion-chamber inlet pressure) 
7 = 0.85 
inlet temperature = 1800 R 
Plant: 
specific flow rate = 50 lb/shp-hr 


For the indicated specific ow rate and auxiliary energy require- 
- ment 


H = 3 X 2545/(1000 X 50) = 0.153 Btu/Ib of turbine flow 
For the given AP/P, = 4 per cent, and P* = 4.00, Fig. 3 yields 


(35)/(at) = 08 


sO dh,/Ah®©® = 0.61 X 0.04 = 2.44 per cent 


Ah® is evaluated from the charts of reference (3) as 143.9 Btu/Ib 
(based on pure air properties as an approximation). Conse- 
quently, #/Ah® is only 0.106 per cent, arelatively small magnitude 
compared to 6h,/Ah®. From the given specific flow rate and the 
foregoing evaluation of Ah® 


2545/50 
143.9 


From Equation [14] and the foregoing results 


Wnet/ Ah® = = 0.354 


MAY, 1948 


nu = 100 — (2.44 + 0.106) = 97.45 per cent 
From Equation (16] and the foregoing results 


0.0255 
= —————__ ] = 0.98/1.0628 = 92.2 per cent 
tees ie = ae / 


Note that the 2.55 per cent ‘‘mechanical loss” has a 6.3 per cent 
influence on plant efficiency, and 6.3 per cent of the plant size 
could properly’ be charged to the combustion-chamber losses. 
In contrast, it is to be emphasized that the combustion losses of 
2 per cent have only a 2 per cent inftuence on thermal efficiency 
and no influence on plant size. 


SuMMARY AND CONCLUSIONS 


The foregoing discussion and analysis of combustion-chamber 
efficiency concepts may be summarized as follows: 

1 In order to arrive at a significant definition of efficiency 
it is necessary to specify clearly the functions of a combustion 
chamber. Further, it is necessary that any definition be thermo- 
dynamically meaningful and be readily applicable in the expres- 
sion of test performance and in cycle analysis. 

2 It appears necessary to employ three distinct concepts 
of efficiency, one a combustion efficiency, 7,, expressive of 
incomplete-combustion and setting losses; the second, a mechani- 
cal efficiency, ny, relating to the flow friction losses and auxil- 
iary-drive mechanical energy requirements; and third, an over- 
all efficiency 7, expressive of the effect of all of these losses on 
gas-turbine plant efficiency. The over-all efficiency will allow 
a critical comparison of several combustion chambers designed 
for a given plant. 

3 The combustion efficiency is independent of the plant 
cycle and depends only on the combustion chamber in question. 
The mechanical efficiency is in some measure dependent on the 
cycle in that it is necessary to specify an “ideal expansion ratio’, 
P*, corresponding to the ratio of combustion-chamber inlet 
pressure and the exhaust pressure of the turbine following the 
combustion chamber. 

4 The over-all efficiency, which expresses the thermodynamic 
performance of the combustion chamber within the gas-turbine 
plant cycle, is a function of the combustion- and mechanical-effi- 
ciency terms, and in addition, the cycle parameter of the ratio 
of net work of the cycle to the “downstream .turbine” work de- 
rivable from the ideal expansion ratio, P*. 

5 All these efficiency terms compare performance of, or with, 
the actual combustion chamber to the performance of, or with, an 
‘Ydeal combustion chamber’? which is capable of exact defini- 
tion. ; 

It is recommended that consideration be given to these effi- 
ciency concepts with a view to eventually deciding on standard 
definitions so that reported test results may be analyzed and 
cycle analyses interpreted without the ambiguities which cur- 
rently exist. 
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Discussion 


G. M. DustnsrerrRe.* Combustion efficiency is a natural con- 
cept, and the author has done well in directing attention to 
alternative viewpoints as to its precise definition. 

But after that, Voltaire’s saying comes to mind: ‘487 Dieu 
n’existait pas, tl faudrait Vinventer.’’ If an ‘efficiency’? does not 
exist, is it really necessary to invent one? 

In the steam cycle, pressure drop in the superheater is quite 
analogous to combustion-chamber pressure drop. But we have 
not found it helpful to talk about “‘superheater mechanical 
efficiency.” By far the greatest thermodynamic loss in the 
combustion chamber is that due to the mixing of excess air. 
This dilution is necessary for turbine life. However, the writer 
would not suggest setting up a “turbine metallurgical efficiency.” 

In fact, we might well add to the author’s criteria the follow- 
ing: ‘‘An efficiency, to be ascribed to a particular system, must 
be calculable from measurements taken on that system, plus, 
at most, the ambient temperature and pressure.” 

The conclusion is that certain performance factors can be 
treated, with more logic, simply as losses rather than to force 
them, Procrustean fashion, into an arbitrary efficiency. 

Aside from the mixing loss noted, what are the available energy 
losses chargeable to the combustion-chamber pressure drop? 
Referring to Fig. 4 of this discussion, let A be the actual end point 


TURBINE 
EXHAUST 
PRESSURE 


ATMOSPHERIC 
PRESSURE 


ATMOSPHERIC 
TEMPERATURE 


Fig. 4 


of a process, and let B be the end point of a process performed 
from the same initial point in some prescribed reversible fashion 
so as to ‘‘correspond”’ to the actual process. 

(a) Then the minimum loss chargeable to the pressure drop 
is the area CHFDC. This cannot be recovered by any degree 
of thermodynamic perfection in subsequent apparatus. 

(b) If we wish to accept the limitation of the constant- 
pressure lower line of the Brayton cycle, then we could charge 
the process with the loss CGHDC. This is unrealistic in ignoring 
the possibility of regeneration. So far we have involved only 
the actual process, the ideal process taken as “corresponding,” 
and the ambient temperature, and pressure. 

(c) If we continue to ignore regeneration and are willing to 
involve the working conditions of an extraneous system, we can 


3 Division of Mechanical Engineering, University of Delaware, 
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charge the combustion chamber with the loss Cl.JDC. This is 
the loss upon which the author’s “mechanical efficiency’ is 
based. 

(d) It is not possible to show in any simple way the loss cor- 
responding to the author’s “‘over-all” efficiency. This efficiency, 
ascribed to the combustion chamber, involves not only the 
working conditions but also the actual performance of two 
systems extraneous to the combusion chamber itself. 

So we have a choice of four losses which can be charged to 
combustion-chamber pressure drop. It seems to the writer 
that (a) is simple and thermodynamically fundamental. It 
can be evaluated readily in terms of the availability function‘ 
(b6=h— T» 8). 

If we wish to be more “practical,” we can use (b). Then if 
we charge this loss to the combustion chamber in all cases, 
we can assign the regenerator an available energy credit. Other- 
wise it would be charged with a loss due to falling short of 100 
per cent effectiveness. 

The writer can see little in favor of (c) and less in favor of (d). 


L. 8. Ecuo.s.5 


skill the problem of defining the performance relations of a com- 
bustion chamber to the unit in which it is to be used. However, 
the writer feels that this is not quite the problem as set forth in 
the title of the paper. Instead of defining a combustion ef- 
ficiency evidently he has set forth a number of ways of defining 
a figure of merit for a combustion chamber. This is a worth- 
while objective, but it should not become confused with com- 
bustion efficiency, as such. 

Combustion efficiency is a term deeply rooted in our technical 
language, and it has a relatively simple meaning. . To a chemist 
and to a thermodynamicist it is the degree to which the heat 
available in the fuel has been released, independently of reheat 
factors introduced by pressure loss and turbulence degeneration. 
Only a knowledge of the heat evolved in completing the combus- 
tion, or equivalent knowledge, can eliminate the effect of these 
reheat factors. This calls for a simple procedure for accomplish- 
ing this objective, and definite progress has been made along 
this line in England as described by Dr. Lloyd.‘ 

It is a practical consequence of this approach that methods 
which measure the total heat developed in a process and attempt 
to correct for extraneous effects may, in the limit, be crude in 
comparison to methods which measure the residual undeveloped 
heat. 

Consideration must be given to the problem of relating figures 
of merit to a broadly acceptable base-line definition of combus- 
tion efficiency, or, as a consequence, we may find ourselves em- 
broiled in an endless argument as to the validity or acceptability 
of figures of merit for application to a wide variety of gas-turbine 
cycles. In the writer’s opinion, we must start with the simple 
definition and relate clearly all derived quantities to it as a base 
line, if we are to secure agreement of all parties concerned. 

Regarding the exclusive use of temperature rise as a measured 
quantity, it must be pointed out: (a) That an average exhaust 
temperature is implied and this requires not only a large number 
of temperature measurements but also the relative mass flows 


The author has treated with considerable 


4If it is admissible to use a standard temperature, constant-b 
lines can be readily plotted on an h-s chart as follows: Through the 
point of standard atmospheric pressure and temperature, rule a 
straight line tangent to the constant-pressure line at this point. 
Rule other constant-b lines parallel to this. Read b intercepts on 
the vertical enthalpy scale. We of course are free to introduce any 
arbitrary additive constant in the values of b itself. 

5 Research Laboratories, Shell Oil Company, Inc., Wood River, 
Ill. 

6 Refer to paper by Dr. Lloyd, page 335, of this issue of Trans- 
actions. 
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at each point of measurement. This is not easy. (b) We are 
approaching a temperature range wherein much doubt can be 
cast upon the existence of a measurable temperature in the 
thermodynamic sense. Evidence is accumulating to support 
the view that ‘‘temperature” is a very uncertain and almost 
indefinable, quantity above 2000 F. Engineers are struggling 
with inconsistencies of the order of 100 F among various 
methods of measurement in a regime where we are beginning to 
realize the simultaneous existence of different temperatures for 
different degrees of freedom of molecular motion, and at Mach 
numbers which produce serious errors in thermocouple measure- 
ments. These facts cannot be neglected in a practical choice of 
a method of measuring combustion efficiency or in rating com- 
bustion chambers. We should consider critically a variety of 
possible methods before approaching standardization. Specifi- 
cally, it is suggested to include exhaust-gas analysis methods, 
both in complete and in simplified form. 


J. P. Lonewewu.? In view of the widespread use that ap- 
parently will be made of high-capacity combustors, such as in 
the gas turbine and the ramjet, it is felt that a standardized 
system of rating combustor performance will be of considerable 
value. The proposed definition of combustion efficiency based 
on the ratio of the quantity of fuel theoretically required to give 
the observed flame temperature to the amount actually used 
appears to offer definite advantage over other definitions and 
is at present used by a number of groups working on gas-turbine 
and ramjet combustors. 

As pointed out by the author, losses of stagnation pressure 
which occur in the combustor also have an important effect on 
the over-all efficiency of the power plant. Agreement on a 
quantity used to characterize these losses Inay be considerably 
more difficult to arrive at, since in addition to the mechanical 
efficiency, suggested by the author, the ratio of stagnation pres- 
sure to total combustor inlet pressure, and a drag coefficient 
based upon combustor inlet conditions are also commonly used. 
These last two numbers are not efficiencies but can be easily 
used both for comparative purposes and for cycle evaluation. 

In addition to the mechanical and chemical losses, the combus- 
tion itself causes a loss in stagnation pressure in the combustor. 
This loss in stagnation pressure corresponds to an increase in 
entropy in the same manner as mechanical friction losses and can 
be lumped with the friction losses for further use in power- 
plant evaluation. Table 1 of this discussion shows the ratio 
of stagnation pressure loss, caused by heat addition to a gas 
flowing through a tube of constant cross section, to the stagna- 
tion pressure at the combustor inlet. This calculation taken 
from NACA Technical Note 1180 assumed that the stagnation 
temperature was increased by a factor of 3. 


TABLE 1 LOSS IN STAGNATION PRESSURE AS A FUNCTION OF 
COMBUSTION-CHAMBER INLET VELOCITY 


Velocity before heating, 


fps AP/P 

50 0.003 
100 0.011 
150 0.025 
200 0.046 
250 0.076 


Since the loss depends on the velocity in the combustion 
chamber and therefore on combustion-chamber design, it could 
be charged to the combustion chamber and is a consequence of 
having a low frontal area. This loss, due to heating the stream, 
is frequently of approximately the same magnitude’as the loss 
due to friction in aviation gas turbines and therefore is of 
equal importance. While it might not be desirable to lump the 


7 Esso Laboratories, Elizabeth, N. J. 
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mechanical friction loss and the loss due to heating, it would seem 
desirable to express both the same way. 


A. Amorost.8 Quite naturally, we wish to evaluate gas- , 
turbine combustion-chamber performance. 
ficiency. The very fact that combustion efficiency cannot be | 
determined accurately has led to indifference as to the proper 
basis for comparison. However, because there is an instrumenta- 
tion difficulty in determining combustion efficiency, there is all « 
the more reason for establishing a standard so that secondary in- : 
consistencies can be avoided. As for mechanical losses, it . 
appears that our former practice of considering only combustion — 


efficiency in quoting boiler efficiency has led us into a bad habit. ff 


The fact that mechanical losses should be included in the “‘heat- ‘J 


source” efficiency is strikingly apparent in the design of nuclear ff 
power plants where the pressure drop in the fluid being heated ff 


has a marked bearing upon the design of the nuclear reactor. 
If it is improperly taken into account, erroneous conclusions can 
be obtained. The fact remains that before we can evaluate com- 
bustion chambers properly, a rational basis for determining 
combustion-chamber efficiency sholild be established. Readers 
who consider carefully the points brought out by the author, will 
agree with his recommendations both as to the method of repre- 
senting combustion efficiency and over-all combustion-chamber 
efficiency. 

One might wonder why the author has chosen his over-all 
combustion chamber efficiency 7, based on its effect on net 
work of the over-all gas-turbine plant, instead of on a basis 
similar to turbine or compressor efficiency. Since 7, takes into 
account a thermal (or chemical) energy conversion and 7,, a 
mechanical energy conversion, a moment’s reflection will indicate 
that it would be difficult to combine the two into one efficiency 
other than on the basis of their effect on net work or net efficiency 
of the plant. Furthermore, it is customary to evaluate auxiliary 
equipments on their effect on net work or net efficiency. There- 
fore his choice seems to be well justified. 

The acceptance of this method of determining combustion 
efficiency is a good first step in evaluating combustion cham- 
bers. Another valuable basis for evaluating combustion chambers 
is the ratio of maximum to average temperature rise through 
the chamber. The ability of a turbine to convert thermal 
energy to mechanical energy is a function of the average inlet 
temperature to the turbine, whereas the mechanical design 
problem is to a great degree influenced by the maximum gas 
temperature. Therefore the maximum to average temperature 
rise through the combustion chamber should also be reported as 
a measure of combustion-chamber performance. 


J. K. Satispury.? The author has chosen to evaluate the 
thermodynamic losses or mechanical efficiency in a combustion 
chamber by using the decrease in turbine available energy as 
the chief factor. In considering pressure drop through the 
combustion chamber, or for that matter through any portion 
of a gas-turbine cycle, two methods are possible. One may con- 
sider, as the author has done, that pressure drop lowers the 
turbine available energy or, alternatively, that it increases the 
compressor pressure ratio. 

The writer chooses to use the latter method in an analysis 
presented as a discussion of a recent paper! because it greatly 


8 Mechanical Engineer, Bureau of Ships, Navy Department, 
Washington, D.C. Mem. ASME. 

®General Engineering and Consulting Laboratory, 
Electric Company, Schenectady, N. Y. Mem. ASME. 

10 “Some Effects of Pressure Loss on the Open Cycle Gas-Turbine 
Power Plant,” by J. I. Yellott and E. F. Lype, Trans. ASME, vol. 
69, 1947, pp. 903-911; discussion by J. K. Salisbury in Trans. ASME, 
vol. 70, February, 1948, pp. 139-141. 
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simplifies the analysis. If pressure drops are considered to reduce 
the turbine pressure ratio, it is implicit that the turbine-nozzle 
area will have to be increased to pass the mass flow of the com- 
pressor at a given constant speed. Thus the analysis is invalid 
for a physical gas turbine. If the pressure drop is considered to 
increase the compressor pressure ratio in an axial-flow gas-turbine 
plant, there is a negligible change in mass flow due to the in- 
trinsic constant-flow characteristic of this type of compressor. 
For this reason, additional pressure drops introduced into the 
system after fabrication of the component machines actually 
will increase the compressor pressure ratio. This alone lends 
logic to the viewpoint. 

If the turbine-inlet pressure is considered to be reduced by the 
introduction of pressure drop, it becomes necessary in calculation 
to take into account deviations from constant specific heat nor- 
mally present even for air at elevated temperatures, as well as the 
effect of combustion products on specific heat. Additional un- 
certainty as to the true effect of pressure drop is introduced by 
the question as to whether this rapid change in specific heat 
at the higher temperature levels may be partially responsible for 
the calculated loss. If the compressor pressure ratio is con- 
sidered to be increased by a pressure drop no attention need be 
given to deviations of specific heat from normally used values 
because of their constancy at normal compressor pressures. 

Even in the case of a reheat-gas-turbine cycle, this method may 
be used. In this instance, when a pressure drop occurs in the 
reheat combustion chamber, an increase in the high-pressure 
turbine pressure results, thus destroying the similarity to actual 
physical conditions which existed for the simple cycle, by neces- 
sitating a decrease in high-pressure-turbine nozzle area for the 
same mass flow. Pressure drops in the high-pressure combus- 
tion chamber may be added to those in the reheat combustion 
chamber, and the two reflected in an increase in compressor 
pressure. 

For a simple cycle, pressure drops in the exhaust of the turbine 
are analogous to those in the reheat combustion chamber, and, 
by the same token, such pressure drops may also be reflected in 
the compressor pressure ratio. 

One must be cautious in applying either of the two alternative 
methods. Ifa cycle is chosen such that the operating conditions 
are not on the flat part of the thermal-efficiency versus cycle- 
pressure-ratio curve, a change in pressure ratio of either turbine 
or compressor will include part of the increment or decrement 
in efficiency delineated by the cycle-efficiency curve, and will 
not represent the true pressure-drop effect. This fact is well 
brought out in the exposition by Yellott and Lype."™ 


A. H. Sxariro.!2 To the list of desirable requirements in 


this paper should be added the specification that the definition’ 


of efficiency be such that its magnitude depend on as few other 
parameters as possible. 

In addition, it might be argued that the definition should be 
“functionally significant,’ rather than “thermodynamically 
significant,” that is, we must consider the object of the combus- 

tion process. In the gas-turbine plant, the object is to produce 
hot gases for the production of work in a turbine, and ultimately 
for the production of net power from the plant. Itseemsreasona- 
ble therefore to define the efficiency so as to relate clearly the 
performance of the combustion chamber with the net power and 
with the fuel consumption. In a steam boiler plant, the object 
is to produce hot gases for the transfer of heat to boiling water. 


11 “Some Effects of Pressure Loss on the Open-Cycle Gas-Turbine 
Power Plant,” by J. I. Yellott and E. F. Lype, Trans. ASME, vol. 
69, no. 8, 1947, p. 903. 

12 Associate Professor of Mechanical Engineering, Massachusetts 
Institute of Technology, Cambridge, Mass. Mem. ASME. 
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This suggests that the efficiency of this case relate the fuel con- 
sumption to the amount of heat ‘available for heat transfer, 
To go farther afield, we might imagine that the combustion 
chamber had as its purpose to produce certain chemicals among 
the products of reaction, in which case the efficiency would be 
measured by the amount of desirable chemicals produced per unit 
fuel consumption. 

On the basis of these considerations, it seems that the quantity 
denoted by 21 is significant for gas-turbine combustors, while 
ne iS Significant for combustors of the boiler-plant type. 

The question of defining a mechanical efficiency is complicated 
by the close interrelationships between the various components 
of the plant. The many diverse points of view brought out in 
the discussion following presentation of the paper suggest that 
no one definition of wide acceptance may be found, and that 
such a simple parameter as the fractional loss in stagnation 
pressure may in the end be of greatest service. This parameter 
at least has the virtue that, for a fixed combustor design witha 
fixed entry conditions and fuel rate, it is independent of the 
arrangement of other equipment in the plant and of the pressure 
ratios employed; whereas the more complicated definitions of 
mechanical efficiency do involve a dependence on these latter 
factors. 

Finally, the writer wishes to raise the question of whether it is 
possible to define a single parameter, such as an “‘over-all ef- 
ficiency,” for appraising the merits of combustor designs. Be- 
cause of the many independent considerations which usually 
enter into the design of engineering equipment, the arbitrary 
combination of several parameters into one often obscures 
rather than clarifies the meaning of the parameter. In more 
concrete terms, a combustor of a certain over-all efficiency 
might prove relatively effective in one type of gas-turbine plant 
and relatively ineffective in a different type. By retaining the 
separate concepts of “combustion efficiency” and of fractional 
loss in stagnation pressure, this difficulty is avoided, and the 
merits of the combustor for each particular type of plant can be 
determined on an individual] basis. This point of view is even 
more significant when considerations of frontal area, or of the 
economic aspects, play an important part in the design procedure. 


D. H. Fax.'3 The first criterion to be applied to an efficiency 
definition should be that of generality over the entire scale from 
zero to unity. The usual efficiency concept, the ratio of the 
actual energy conversion to that attained in an ideal process, 
satisfies this requirement. 

The first combustion-efficiency definition proposed by the ~ 
author is the ratio of two fuel requirements. This definition 
admits of ease of calculation but it breaks down at the zero end 
of the scale. A reasonable definition for the zero of combustion 
efficiency would be that attained in a properly adjusted Junkers 
calorimeter, i.e., all of the heat value of the fuel would go into 
setting loss, and the products would emerge at a temperature 
t’, the same as that obtained by mixing the air at fg and the fuel 
at t; without combustion. An examination of Equation [7] of 
the paper shows that, in this case, 7. would be negative or 
positive depending upon whether ¢. is greater or less than ¢,. 

The definition of 7.2 conforms more nearly with the require- 
ments stated in the first paragraph, but it suffers from the fact 
that its magnitude depends upon the arbitrary selection of a 
reference temperature fo. This difficulty can be traced to Equa- 
tions [8] and [9] of the paper. Those equations would represent 
the respective enthalpy increases in an ideal and in an actual 
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numerical error in the author’s evaluation of no = 0.945. In 
fact, it may be shown that for all usual values of the variables, 
ne is always greater than ya, rather than the reverse as might | 
be implied from the paper. Furthermore, 1 will be greater | 
than 723 if the specific heat of the \ component is greater than ff 
that of the fuel, and less than 7.3 if the reverse is true. With the f 
data of the author’s example, 7a > 7, but only in the fifth 
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system only if the individual values of h were counted above 
absolute zero, but not if counted from ts as done by the author. 

The writer would propose a combustion efficiency, 7.3, which 
he believes removes the objections encountered in the foregoing. 
Instead of Equation [4], write the energy equation as does 
Lichty"™ 


[17] 


Nate + f ye +fC = (1 +f) hotp + Q: + IC ante ens, 


where the nomenclature is that of the author except that the 
enthalpies are counted above absolute zero and C represents the 
chemical energy of the fuel. One may also write: 


Note + fhy,es = Rae! +f hye’ Beles telele 15 6 0) 6.6 6 68 6m 


where ¢’ is the temperature resulting from mixing the air and the 
fuel without combustion. 

The heat value of the fuel is defined as the energy released 
when the products are cooled to the initial temperature of the 
* air-fuel mixture, that is 


Ras? + hye HSC = (1 +S) hoy +f AVy......... [19] 


Subtracting Equation [19] from [17] and introducing Equation 
[18] 


(+S) Aghts + OQ + IC = PAV ii. ee. ees [20] 
From this one may write 
actual AH = (1 + f) A, hp 


ideal AH = (1 +f) /Ajihy =f HVy 


and 
moe (le) ia) t ELV Pitas oats sis ones 


Equation [21] is entirely general and appears to the writer 
to be rigorously correct; however, it does not admit of ready 
calculation. Therefore, introducing the author’s approximation 
that leads to Equation [11], the numerator of Equation [21] 
may be written ; 

t’ Aiphg + fy Arpltn 
To find HV, from the heat value known at some reference 


temperature fo, rewrite Equation [19], replacing the t’ subscripts 
with tf. Subtracting the resulting equation from Equation [19] 


fHVy =f HVo + wAyhe + f wAyhy — (1 +f) wAyh, 


Using the same approximation as in the foregoing equation, this 
reduces to 


AVy = HY, + wAyhy ——~ "40 Avhy Socio mid Co Gabo [22] 
The final expression for 7-3 becomes 
Arle tfyeA 
oe t! Dip fi tpltd [23] 


CMSA eM at 
From Equation [18] 
iv — (Cat, + fet) /(Cq + fc;) 


where ¢; is the fuel specific heat and c, is the constant pressure 
specific heat of the air. 

Equation [23] is not as formidable as it may appear. Using 
the data given in the author’s illustrative example, t’ = 641 F, 
LHV, = 18,254 Btu per lb fuel, and m3 = 0.9521. This latter 
value compares with n-1 = 0.950 and n2 = 0.9521 for the same 
data. 

In this connection it should be pointed out that there is a 


14 “Thermodynamics,” by L. C. Lichty, McGraw-Hill Book Com- 
pany, New York, N. Y. 1936, pp. 150—152, 


significant figure, because the two specific heats referred to are Jf 


practically the same. 


A casual inspection of the foregoing results might lead one te 
feel that, since they are so nearly equal (particularly when com- 
pared with the accuracy of the data), the only basis on which to — 
The writer | 


choose between them is that of ease of calculation. 
cannot join in such an opinion. While the differences between 


the three efficiencies are in the present instance minuscule, given ' 


other data they might not be. A definition that is valid only 
over a restricted range is of questionable value because defini- 
tions tend, with use, to become separated from the restrictions 
implicit m them. An efficiency definition should be valid over 
as wide a range of the variables as possible and should be inde- 
pendent of reference conditions which are completely arbitrary, 
such as fo in this case. Of course in any given application, 
approximations are always permissible so long as they are within 
the accuracy of the data. 


The mechanical and over-all efficiencies defined in the paper | 
However, it is also desirable from several | 


are useful concepts. 
points of view (certainly that of the designer) to define a parame- 
ter for mechanical losses in the combustion chamber that will 
be a function of the chamber alone and independent of the pres- 


sure ratio of the cycle in which it may be used. Such a parame- | 


ter is the “energy loss’? in the combustion chamber, v Ap/J/, 
where v is the specific volume at the combustion chamber dis- 
charge, and Ap the drop in tota] pressure through the chamber. 
For small pressure drops, v Ap/J may be replaced by 6/u, Fig. 5 
of this discussion. The concept of 6h is more useful than that of 


TURBINE INLET TEMP _T, 
Sh 


ENTHALPY 


ENTROPY 


Fie. 5 Revationsaip BEerwEern ComBustTion-CHAMBER ENERGY 
Loss 6h1 AND TURBINE AVAILABLE ENrrGy Loss ohn 
(Nomenclature is similar to that of author’s Fig. “.) 
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fractional pressure drop Ap/p for several reasons. For one, 
it is easier to deal with when considering the effects of parasitic 
losses at part loads, From the Fanning friction formula it can 
be seen that, for isothermal flow, Ap/p will vary with at least 
two variables, fluid velocity and temperature, whereas 6h will 
vary with: velocity alone (assuming insensitivity of friction factor 
with temperature). Going further, one might use the parameter 
6h + V?/(2g,J), which for isothermal flow would be fairly con- 
stant over a relatively wide range of velocity and temperature 
conditions. . 

Of course for a combustion chamber, 6h + V2/(2g,/) will not 
be constant with load but will vary with one other parameter, 
generally taken as the ratio of absolute temperatures at the inlet 
and outlet of the combustion chamber. In any case, the use 
of 6h + V?/(2g,J) requires two less parameters for correlation 
than does the use of Ap/p. 

. The concept of energy logs (rather than pressure drop) has been 
used before,1*1617 and it should be furthered. The relationship 
between the two parameters is simply 6h1 = RT, Ap/p. 

It is also easy to find the effect of combustion-chamber energy 
loss on the turbine available energy in a given cycle. Since 


oh 
(*) = T, (see, e.g., Lichty,'8) one may write simply 
fe 


Os 
HY ane UF P;\k=1 nye? 
SS =, BS | SS) ea k 

bh, T; (F) ad ) 


AuTHOR’s CLOSURE 


The primary purpose of this paper, to stimulate discussion on 
the subject of gas-turbine plant combustion-chamber efficiency, 
has apparently been attained as evidenced by the thoughtful 
discussions of the reviewers. 
sions that early standardization is highly desirable before many 
more diverse opinions and definitions come into use. 

Professor Dusinberre points out that combustion efficiency is 
_a “natural” concept but implies that mechanical efficiency and 
over-all efficiency as defined by the author are not natural con- 
cepts and concludes therefore that there is no reason to “invent” 
them. To the author the comparison of “actual system perform- 
ance”’ to that of an “‘ideal system’’ is a natural thermodynamic 
concept. All the efficiency terms presented in the paper are de- 
fined in this manner. Professor Dusinberre prefers to employ a 
mechanical energy “‘loss concept” in preference to an efficiency 
concept. This loss is evaluated by comparing actual system per- 
formance to ideal system performance. Three alternative 
methods of expressing performance are considered including the 
method employed as a basis for the author’s 7y. The major 
purpose for “inventing” 7 was to provide a basis of comparison of 
“mechanical losses’ and “combustion losses” in terms of the 
_ over-all efficiency, mo, or over-all loss of plant specific fuel consump- 
tion. Professor Dusinberre’s availability function loss will not 
allow this objective. The isentropic available energy neglecting 
turbine exhaust pressure drop, while more realistic in this regard, 
is not quite as suitable as the recommended procedure of using the 
isentropic available energy based on the actual turbine exhaust 
pressure. 

The author grants that Equation [16], a computing equation 
for no, does not allow or credit the combustion chamber with the 


1 “‘The Gas Turbine as a Possible Marine Prime Mover,” by 
C. R. Soderberg and R. B. Smith, Trans. Society of Naval Archi- 
tects and Marine Engineers, vol. 51, 1943, pp. 115-130. 

16 ‘‘Part-Load Characteristics of Marine Gas-Turbine Plants,” 
by W. M. Rohsenow and J. P. Hunsaker, Trans. ASME, vol. 69, 
1947, pp. 433-439. 

17 “Development and Testing of a Gas-Turbine Combustor,” by 
A. E. Hershey, Trans. ASME, vol. 69, 1947, pp. 859-867. 

18 Footnote (14), p. 247. 


It is also evident from the discus-. 


greater possibility for regenerative heat transfer arising from the 
mechanical loss (1 — yy). While it would be desirable to include 
this effect, the resulting complexity of the equation would not 
make it worth while, especially so in view of the fact that even 
with high regenerator effectiveness (75 per cent), and plant ther- 
mal efficiency (25 per cent), the magnitude of this gain is in the 
order of less than 20 per cent of the loss, (1 — 7). For smaller 
amounts of regeneration and lower thermal efficiencies the effect 
is even less. Further, if 4, 74, and », are known together with 
regenerator effectiveness and plant thermal efficiency, the regener- 
ator effect can be readily estimated for any particular cycle. 
Note too that the recommended word definition of 79 does not 
obviate the inclusion of the “regenerator recovery” by suitable 
modification of Equation [16]. 

Mr. Echols feels that any discussion of gas-turbine plant- 
combustion efficiency should be restricted to a consideration of 
“chemical reaction efficiency” only. To the author this appears 
aS an unnecessary restriction, as certainly the engineer and 
thermodynamicist, as distinct from the chemist, must evaluate 
all significant losses. In the expression of internal-combustion- 
engine performance, for instance, it is not unusual to employ as 
many as four distinct efficiency expressions of performance. It is 
of course essential that any efficiency term be properly qualified 
if it is to be correctly interpreted. 

Dr. Longwell points out that agreement on the quantity to be 
used to characterize flow-friction losses may be more difficult to 
arrive at than in the case of incomplete combustion and setting 
losses. He also indicates that there is an inherent mechanical 
loss, in addition to flow friction, as a result of the increase of gas 
temperature during combustion. This loss becomes quite signifi- 
cant for velocities before combustion of greater than 50 ft per 
sec. It seems to the author that this loss is properly chargeable as 
a mechanical energy loss and should be included in 74. 

The advantage of using ny as proposed, instead of a per cent 
pressure drop or a combustion drag coefficient to characterize 
mechanical energy losses, is that it combines in a relatively simple 
manner with the combustion efficiency 7, and allows a com- 
parison of the magnitudes of the cofmponent losses on a common 
basis, namely, their influence on plant specific fuel consumption. 

It is evident that there is no unique common basis of evalua- 
tion and comparison of the component losses. Mr. Salisbury very 
ably points out the convenience in cycle analysis of using a 
“compressor work” evaluation of mechanical losses. Note, how- 
ever, that the word definition of 7, as recommended by the 
author does not obviate the method of analysis proposed by Mr. 
Salisbury. Given 7, on a turbine basis it is a relatively simple 
matter to evaluate fraction pressure drop AP/P (see Fig. 3) 
and impose this as an additional pressure-ratio requirement on 
the compressor. 

Should it be desirable to express ny On a compressor work 
basis, by an equation similar to Equation [14], then a modification 
of Equation 16 may be used for an over-all efficiency. 


: ie | 
' = % A ha Ts [16a] 
ak: / | Wasr/(AhO’ /neom) 
where the (’) notation denotes a compressor work basis. The 


term 


Ly: 
Wuer/ ( Ah© ‘ /jcomp) 


approximates the mechanical loss evaluation in terms of the plant 
specific fuel consumption. For the conditions of the numerical 
example of the paper it has a magnitude of 6.8 per cent (for a 
compressor isentropic efficiency of 85 per cent). The similar term 
of Equation [16] 
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aera 
Wnet/(Ah@n7) 


approximates the mechanical loss evaluation in terms of plant 
specific fuel consumption using the turbine work basis. Its mag- 
nitude, in substantial agreement with the above evaluation, is 6.3 
per cent. 

Aside from convenience in analysis, it appears to the author that 
mechanical losses in a gas-turbine plant component, other than 
the compressors or turbines, should be evaluated in terms of the 
ideal work of the compressor or turbine immediately downstream 
from the component in question, with the exception of the low- 
pressure turbine-exhaust piping and regenerator losses in the open- 
cycle plant which must be evaluated in terms of their effect on the 
ideal work of the last turbine (5). 

Professor Shapiro points out that an efficiency definition 
should depend on as few parameters as possible and that it should 
be “functionally significant” rather than thermodynamically 
significant. The author is of the expressed opinion that the 
efficiency definition must be both functionally and thermodynami- 
cally significant. The author agrees that an expression of over-all 
efficiency in itself may lead to confusion in appraising the merits 
of a combustion-chamber design, but is also of the opinion that. 
Ney Nu, no together are more descriptive than 7, and AP/P alone. 

Professor Fax refers to a “breakdown”’ of the definition of na 
at a magnitude of zero. This breakdown is not apparent to the 
author as, in accordance with the definition, a magnitude of 


na = 0 means, f; = 0. This means, from Equation [7] thatt, = 
t,. True, this zero of efficiency does not correspond to Professor 
Fax’s “reasonable definition for the zero of combustion efficiency.” 
This latter definition serves to establish, in effect, a thermal en- 
thalpy datum at a temperature t’ corresponding to the bulk 
mean temperature of f lb of fuel at ¢; and one lb of air at ¢, without 
combustion and assuming no vaporization. This definition has 
the advantage of removing the ambiguity of the dependence of 
ne on the arbitrary selection of the reference state for the heating 
value term, HV». Consequently, his 7-3; is preferred to n¢2. How- 
ever, 7; like ne. has many disadvantages when compared to 
Nei AS an expression of the combustion efficiency of a gas-turbine 
plant combustion chamber. 

Professor Fax calls attention to the numerical error in the 
sample problem evaluating y<2. This should be 


neo = 0.9174 + 0.0347 = 95.2 per cent 


instead of 95.4 per cent. As he points out, ne2 > mer except for the 
limiting case of eo = ye2 = 100 per cent. 

Mr. Amorosi agrees in the main with the views presented in 
this paper. He points out the additional criterion of combustion- 
chamber performance of uniformity of products outlet tempera- 
ture, and suggests that a performance factor expressing this 
effect be formulated. 

The author is appreciative of the excellent discussions and 
criticisms provided by the reviewers. 
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Temperature Measurements and Combustion 
Efficiency in Combustors for 
Gas-Turbine Engines 


By WALTER T. OLSON! anp EVERETT BERNARDO,!2 CLEVELAND, OHIO 


In investigations of the general altitude performance of 
combustors for aircraft gas-turbine engines at the Cleve- 
land laboratory of the National Advisory Committee for 
Aeronautics (NACA), the combustors have been in- 
strumented with a large number of thermocouples for 
determining average temperatures, temperature distri- 
butions, and combustion efficiencies. Presented herein is 
a discussion of the thermocouple installations used, some 
of the construction details of typical thermocouples, and 
representative temperature and combustion-efficiency 
measurements made in combustors. The results of nu- 
merous investigations of the general altitude performance 
of combustors for gas-turbine engines have indicated that 
air temperatures at the inlet to the combustors can be 
adequately measured with common bare-wire thermo- 
couples, and that, at the combustor outlet, large varia- 
tions in temperature distributions, nonuniform velocity 


_ distribution, and fluctuations in the temperatures are 


among the possible sources of errors in measuring the 
average combustor-outlet temperatures. In addition, 
the results indicate that the temperatures measured at the 
combustor outlet, although admittedly not accurate, are 
generally satisfactory for evaluating the altitude per- 
formance of combustors, and that the values of combus- 
tion efficiencies obtained from temperature measure- 
ments are satisfactory approximations of combustion effi- 
ciencies and serve to show the effect of primary variables 
on combustion efficiency. 


INTRODUCTION 


ARLY in the investigation of the performance of aircraft 
iB gas-turbine engines at the*Cleveland laboratory of the 
NACA, it was found that as engine operating altitude 

was increased, altitude operational limits were encountered, that 
is, altitudes were reached above which the combustors could not 
produce gases of the temperature required by the turbine for 
engine operation regardless of the fuel flow to the combustor. 
As a result of these findings and the requirement for high-altitude 
operation of turbojet engines, a general program was undertaken 
to investigate the altitude operational limits imposed by combus- 
tion and to study methods for improving these limits. This pro- 
gram was necessarily expanded to comprise a more complete 
investigation of the performance characteristics of combustors for 
aircraft gas turbines, and the particular and individual effects 
on combustor performance of operating variables, fuel variables, 
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and design variables. A number of combustors of several types 
have been studied to date and this line of endeavor is continuing 
at present. 

For the performance investigations, instrumentation of the 
combustors included a large number of thermocouples both at 
inlet and outlet stations not only to measure the temperatures 
necessary for evaluating the altitude operational limits, but also 
to determine the temperature distribution at the combustor out- 
let, to indicate whether or not afterburning occurred and, in 
addition, to provide the data necessary for calculating combus- 
tion efficiency. < 

It is intended in this paper simply to describe typical thermo- 
couple installations as used in investigating the general altitude 
performance of combustors at the NACA, to present some of the 
construction details of these thermocouples, and to illustrate the 
use of these thermocouples with representative results of com- 
bustor temperature measurements and combustion-efficiency 
measurements. The paper is not intended as a critical analysis 
of pyrometry with thermocouples; other authors (1 to 5) are 
covering this subject fully. The paper is a presentation of prac- 
tice found to be satisfactory for examining some performance 
trends of gas-turbine combustors. : 

The studies of gas-turbine combustors, in which the thermo- 
couple technique has been used essentially as described, have in- 
cluded work on fiveannular combustors, four can-type combustors, 
and two segments of annular combustors. The effect of operating 
variables on performance has been investigated to a greater or 
lesser extent on all of these. Many design modifications have been 
studied on four of the annular combustors and on the two seg- 
ments. The effect of fuels on combustor performance has been 
systematically examined in two of the annular combustors and 
in two of the can-type combustors. This work is mentioned to 
indicate the extent to which this thermocouple technique has 
been used on gas-turbine-combustor projects alone. 


ComBusTor TEST INSTALLATION 


A diagrammatic sketch of a section of a typical annular-type 
combustor test installation is shown in Fig. 1. This installation is 
selected solely as an example. Combustion air, altitude exhaust, 
and fuel are supplied to the combustor by the laboratory system. 
The combustion-air temperature is regulated by electric heaters 
and a fuel-fired preheater. Combustion-air flow is measured with 
either a thin-plate or a variable-area orifice, and the fuel flow is 
measured with calibrated rotameters. Can-type combustors are 
installed similarly. In any case, care is taken to duplicate exactly 
the inlet and outlet stations just as they would be in the engine. 


THERMOCOUPLE INSTALLATION 


Thermocouples are usually installed at four stations (A-A to 
D-D) as indicated in Fig. 1. The stations are designated as com- 
bustor inlet (station A-A, corresponding to compressor outlet of 


3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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engine) and combustor outlet (station B-B, corresponding to tur- 
bine inlet of engine); thermocouples are also located at stations 
C-C and D-D to check for afterburning. 

The orientation of the thermocouples at each of the stations is 
illustrated in Fig. 2. All of the thermocouple junctions are lo- 
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cated at approximate centers of equal areas. The thermocouples 
are arranged in banks, and the total number of thermocouples 
used in this installation is noted in Table 1. 


TABLE1 ARRANGEMENT AND NUMBER OF THERMOCOUPLES 
Thermocouple stations. 


—< 


A-A B-B C-C D-D 
POANKS eisne sero eorcerta cde aie 4 18 4 2 
Probesiper bank: ... ssssdesesucr 4 4 4 2 
eh otallpropeserermisais avec sre 16 72 16 4 


The construction details of typical thermocouples are illus- 
trated in Fig. 3. All of the thermocouples are generally unshielded, 
except those at station D-D, which are multiple-shielded in all 
directions except upstream. The shields of the shielded thermo- 
couples consist of three concentric shells formed from thin sheets 
of inconel. The thermocouples at the inlet and outlet stations 
are usually made of 20-gage iron-constantan and chromel-alumel 
wire, respectively. The wires are threaded through two-hole 
ceramic insulating rod and sealed within a 1/s-in-OD inconel tube. 
The thermocouple junction is formed by mercury welding. In 
some instances the junction of the outlet thermocouples has been 
sealed within conel weld metal to guard against corrosion from 
catalytic action on the surface of the junction. 

In comparison with: shielded thermocouples, the unshielded 
thermocouples are small (blocking a total of about 4 per cent of 
the cross-sectional area at station B-B), are easy to construct and 
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to maintain, and are equally as rugged. Unshielded and aspirat- 
ing-type shielded thermocouples have been compared simultane- 
ously at a combustor outlet under various temperature and ve- 
locity conditions; the difference between average temperatures 
indicated by each type usually was small and inconsistent. For 
example, during check runs at an average temperature of about 
1000 F and an average velocity of 400 fps the difference in aver- 
age temperatures indicated by the shielded and unshielded ther- 
mocouple varied from about +5 to +10 F. 

The thermocouples are connected through multiple switches to 
self-balancing, indicating potentiometers. The potentiometers 
for the inlet station (iron-constantan wire) have a range of—100 
to +700 F, and the potentiometers for the outlet stations have a 
range from 0 to 2400 F. The accuracy of the potentiometers, as 
given by the manufacturers, is +0.25 per cent of the full scale 
reading. The instruments are calibrated with the particular ther- 
mocouple wire used in each case. In one investigation a specially 
constructed revolving thermocouple rake in which the thermo- 
couples could be larger and more elaborately constructed was 
used at the combustor-outlet section, but its use was discontinued 
at the time because the added complications were not justifiable. 


TEMPERATURE MEASUREMENTS 


The average temperature at each station is taken as the average 
of all the thermocouple indications at the particular station. 
With the thermocouple probes located at centers of equal areas 
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this provides temperature averages weighted on the mass flow of 
gases provided of course that the mass flow is uniform at the 
stations. 

In investigating the general altitude performance of com- 
bustors, the average combustor-inlet air temperature ranges from 
approximately —40 to +300 F, and the average velocity 
ranges from about 150 to 300 fps. The temperature and veloc- 
ity distribution in the pipe conveying air to the combustor may 
be expected to be fairly uniform; therefore the average tempera- 
tures obtained at the inlet station are close to averages weighted 
on the mass flow of air. The results of an investigation of tem- 
perature measurements and of errors involved in measuring tem- 
peratures with thermocouples in relatively low-temperature 
high-velocity air streams are presented by Hottel and Kalitinsky 
(1). In this reference it is reported that common bare-wire 
thermocouples with no special stagnation attachments may be 
considered entirely adequate for temperature measurements in 
air streams at velocities below about 300 fps. 

The local air temperatures actually measured at the combustor 
inlet are usually within +2F of the average inlet-air tem- 
peratures when electric preheaters are used, and within approxi- 
mately +12 F when fuel-fired preheaters are used. The 
variations in the air velocity over most of the inlet are generally 
within +2 fps during equilibrium flow conditions. There appears 
to be no particular problem in evaluating adequately the air 
temperature at the combustor inlet. 

At the combustor-outlet stations the average temperatures 
are usually of the order of 800 to 1400 F, and the average velocities 
range from about 300 to 600 fps. It is ‘well known of course that 
temperatures in steady-state high-velocity streams of high-tem- 
perature gases cannot be measured with high precision with 
common unshielded thermocouple’, because of the inability of 
the probes to convert velocity head completely to heat and be- 
cause of errors arising from such factors as radiation and con- 
duction of heat from the probes (2 to 5). 

The problems encountered in measuring temperatures at com- 
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bustor-outlet stations, however, are not only those encountered 
in steady-state high-velocity high-temperature gas streams, but 
include also problems arising from large variations in the tempera- 
ture distribution, uneven velocity distributions, and fluctuations 
in the temperatures. 

When large temperature gradients are present at the com- 
bustor-outlet station, the exact location of a thermocouple probe 
becomes critical, and a slight change in the probe location may 
result in a large change in the temperature indicated. This factor, 
together with any large variation in combustor-outlet velocity 
distribution, makes it difficult, regardless of the accuracy of the 
thermocouples, to obtain precise or accurate average temperatures 
weighted on the mass flow of gases. In addition, the indicated 
temperatures may fluctuate over a large range if unstable com- 
bustion is encountered, thus introducing another source of un- 
certainty in the observed temperatures. 

Typical temperature patterns obtained with thermocouples at 
the combustor-outlet station for various simulated operating 
conditions are illustrated in Figs. 4and 5. The simulated operat- 
ing conditions are given in terms of engine speed and altitude 
which are the primary factors in determining the combustor 
inlet-air conditions. The temperature patterns presented are for 
annular-type combustors, but in the investigations conducted 
with different can-type combustors the same general trends have 
been noted. 

Fig. 4 shows the temperature distribution at combustor outlet 
(station B-B, Fig. 1) for a relatively low-altitude low-engine- 
speed condition. The temperature distribution under these 
conditions is fairly uniform; the spread in the local minimum and 
maximum outlet temperatures from the average outlet tempera- 
ture (850 F) is about 16 and 24 per cent, respectively, of the aver- 
age outlet temperature. The largest average radial temperature 
difference is about 320 F. 

The temperature distribution during what is usually termed 
cycling combustion, that is, where the flames are intermittently 
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extinguished and reignited, for example, in the order of 8 cycles 
per sec, is shown in Fig. 5 for a condition at the same engine 
speed, but at an altitude higher than that presented in Fig. 4, 
The average temperature is of course lower, and the spread in 
temperatures is appreciably greater than that shown in Fig. 4, 
The variation in the local maximum and minimum outlet tem- 
perature from the average outlet temperature (600 F) is approxi- 
mately 58. and 65 per cent, respectively, of the average outlet 
temperature, and the largest average radial temperature differ- 
ence is about 520 F. During cycling and flickering combus- 
tion, the indicated individual temperature at the combustor 
outlet has been observed to fluctuate 100 F. Although this 
type of combustion is generally observed only at high-altitude 
conditions, high-speed motion pictures of combustion show that 
flickering of lower intensity and higher frequency than that 
observed at high altitudes prevails in combustors over a large 
range of altitudes and engine speeds. 

Temperature distributions at medium engine speed and high- 
altitude conditions showed large variations in local temperatures 
and, at the medium-engine-speed high-altitude conditions, tem- 
perature readings indicated that combustion does not occur in 
the outer section. 

The variations in the outlet temperature distribution are usu- 
ally accompanied by variations in the outlet velocity distribu- 
tion. Deviations between local maximum and minimum radial 
velocities at the combustor outlet as large as 70 fps have been 
obtained when large variations were present in the temperature 
distributions. 

Combustor-outlet temperatures were measured at station B-B, 
Fig. 1, and compared with the average temperatures measured at 
stations C-C and D-D, respectively, to check for afterburning. 
From the data thus derived there appears to be no indication 
that afterburning occurs. A few of the temperatures at station 
D-D were somewhat higher than those at station B-B, but these 
occurred only when large variations were present in the outlet 
distribution and probably occurred because the four thermo- 
couples at station D-D were not adequate for a representative 

, temperature average. The general agreement of average tempera- 
tures at stations C-C and D-D with average temperatures at 
station B-B is a fairly reassuring check as to the reliability of the 
averaging method used at station B-B. 


CoMBUSTION HFFICIENCY 


Strictly speaking, combustion efficiency is defined as the ratio 
of the heat energy liberated during combustion to the heat energy 
theoretically available from complete combustion. The heat 
energy actually liberated during combustion is of course difficult 
to evaluate. At the NACA laboratory, combustion efficiency 
was approximated (in early work) for simplicity by using the ratio 
of the actual measured temperature rise across the combustor to 
the temperature rise theoretically attainable, as evaluated by 
Turner and Lord (6). The results presented in this paper were 
calculated on this basis. More recently the preferred method of 
calculating combustion efficiency is.on the basis of the results of a 
study by Pinkel and Turner (7), although the actual values ob- 
tained do not differ appreciably from the temperature-rise ratio. 
The values of combustion efficiency obtained have usually been 
satisfactory approximations and have served to show the effect of 
primary variables on combustion efficiency.. Examples of typical 
combustion-efficiency data obtained in investigating the altitude 
performance of combustors are presented in Figs. 6 and 7. These 
results are for annular-type combustors, but the trends shown 
are similar for can-type combustors. 

Lines of constant combustion efficiency, together with a curve 
of altitude operational limits in a plot of simulated altitude 
against simulated engine speed are shown in Fig. 6. The com- 
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bustion-efficiency data below the altitude operational limits were 
obtained at average combustor- outlet temperatures approxi- 
mately equal to that required for engine ‘operation at assumed zero 
flight speed. 

The lines of constant combustion efficiency close to the alti- 
tude operational limits have the same general shape as the 
operational limits curve. It has been found that when the alti- 
tude operational limits are increased, for example, by design 
changes in the combustor, the combustion efficiency generally is 
increased also. At altitudes 5000 to 10,000 ft below the opera- 
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tional-limits curve the combustion efficiency ranges from approxi- 
mately 50 to 75 per cent; at the low altitudes, the combustion 
efficiency approaches 100 per cent. 

The combustion efficiency decreases with an increase in alti- 
tude and with a decrease in engine speed. This effect is further 
illustrated in Fig. 7, of combustion efficiency plotted against 
altitude for several engine speeds. Based upon the results of 
reference (8), in which a detailed study of the effect of 
combustor-inlet conditions on combustor performance is re- 
ported, the decrease of efficiency with increasing altitude and de- 
creasing engine speed is caused by the combustor-inlet-air condi- 
tions becoming adverse for combustion with increasing altitude 
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and decreasing engine speed. It is also these adverse inlet-air 
conditions which are responsible for the phenomenon of altitude 
operational limits. 

Finally, it is reassuring to us in using the technique described 
to note that combustion efficiencies of the order of 98 and 99 
per cent are actually measured when combustor operation is of 
the sort that one anticipates would be nearly 100 per cent effi- 
cient. Combustion efficiencies in excess of 100 per cent have not 
been observed. 


CoNCLUSION 


The results of numerous investigations of the general altitude 
performance of combustors for gas-turbine engines have indicated 
the following: 


1 The air temperatures at the inlet to the combustors can be 
measured adequately with common bare-wire thermocouples. 

2 At the combustor outlet, uneven temperature distributions 
and large radial temperature gradients, nonuniform velocity dis- 
tributions, and fluctuations in the temperatures are among the 
sources of errors in measuring average combustor-outlet tempera- 
tures. ° 

3 The temperatures measured at the combustor-outlet station 
by means of many bare-wire 20-gage chromel-alumel thermo- 
couples, although admittedly not precise, are generally satis- 
factory for evaluating the altitude performance of combustors, 
particularly where the trend of performance with primary varia- 
bles is of concern. 
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_ Discussion. 


E. F. Frock.‘ By using bare thermocouples at the combustor 
outlet, the NACA has measured temperatures which give ap- 
proximate values of combustion efficiency adequate to show the 
general effects of primary operating variables. To accomplish 
this end it was necessary to use a large number of junctions, 
located at the centers of annuli of equal area. It is to be noted 
that the combustor outlet i$ a most difficult location at which to 
make reliable temperature measurements, particularly if the 
combustion reactions are continuing at this station. 

Each temperature observed with a thermocouple is merely the 


4 In charge, Combustion Resarch, National Bureau of Standards, 
U.S. Department of Commerce, Washington, D. C. 


temperature of the measuring junction, and not necessarily 
the temperature of the gas in which the junction is immersed. In 
addition to the static temperature of the gas, the following fac- 
tors are of primary importance in determining the temperature of 
the measuring junction: 


1 The rate of heat transfer from the gas to the junction by 
convection. 

2 The rates of heat transfer to the junction by direct radiation 
from the flame, and from the junction by radiation to the colder 
surrounding walls. 

3 The gas velocity, and through this the size and shape of the 
junction. 

4 The presence or absence of surface reactions catalyzed by 
the junction itself. 


Not all of these effects are in the same direction, and several 
are interrelated, so-that it is impossible to predict their net 
effect upon the temperature of the measuring junction. However, 
it may be worth while to consider the possible effects individually, 
pointing out experimental facts relative to some and items of 
conjecture relative to others. For this purpose let us assume the 
following reasonable sea-level operating conditions for a turbojet 
engine having a compression ratio of 4:1 at rated speed: 


Air temperature at combustor inlet, 300 F 

Flame temperature, approximately 3000 F 

True average static temperature at combustor outlet, 1500 F 
Wall temperature at combustor outlet, 1100 F 

Mass flow at combustor outlet, 20 lb/sec ft? 

Combustion efficiency, approximately 100 per cent 


Results obtained at the National Bureau of Standards indi- 
cate that, under these conditions, a bare junction at the com- 
bustor outlet will assume a temperature about 35 F below 
the static temperature of the gas,. provided it receives no direct 
radiation from the flame and no heat from surface reactions. 
Therefore such a junction would indicate a combustion efficiency 
which was low by 35/1200 or about 3 per cent. 

It is reasonable to expect that a combustion chamber will 
operate at nearly 100 per cent efficiency at pressures down to 1 
atm abs. If the combustor is operated at the same inlet tem- 
perature, but at a pressure of 1 atm, corresponding to an altitude 
of about 34,000 ft for this engine, the temperatures throughout re- 
main essentially unchanged, but the mass-flow rate is decreased 
by a factor of 4. Since the rate of heat transfer is nearly propor- 
tional to the square root of the mass-flow rate, only one half as 
much heat reaches the junction per unit time as at sea level. 
Thus a bare junction, shielded from the flame and in the absence 
of surface reactions, will read about 70 F low, a figure which 
has been confirmed by direct experiment. The corresponding 
error in combustion efficiency is about 6 per cent. 

Although not stated directly in the paper under discussion, the 
impression is conveyed that errors of this magnitude are not con- 
sidered probable in the NACA results. It must be reasoned 
therefore that compensating effects, such as radiation from the 
flame or heat from surface reactions, were present. 

As to the energy received by radiation from the flame, we know 
that this must be proportional to 3460+-19604, which is certainly 
a sizable number. However, this energy is also proportional to 
the solid angle over which the junction “sees’’ the flame, and to 
the emissivity of the flame, neither of which is known but both 
of which may be relatively small. At any rate, a bright-yellow 
flame would surely be a better emitter in the infrared than a pale- 
blue flame, so that differences in the energy radiated to the junc- 
tion would be expected from burner to burner and with the oper- 
ating conditions of a single burner. Since such differences were 
not reported in the NACA results, it must be inferred either that 
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the combined effect of radiation from the flame and surface reac- 
tion is too small to measure, that the method is not suited to its 
detection, or that the results have not been analyzed in the man- 
ner necessary to bring out the effect if it was actually present. 

It is to be noted that the differences between the static and the 
total temperatures of the gas under the test conditions are as 
follows: At 300 fps, 7 F; at 600 fps, 30 F. Assuming a 
reasonable recovery factor of 0.5 for a bare junction, these errors 
amount to from 4 to 15 F. The paper does not state 
whether the observed temperatures were considered as static 
or as total temperatures. If the former is true, neglecting the 
velocity effect makes the indicated temperatures too high; if the 
latter were the case, the indicated temperatures are low by the 
amounts stated. 

Our general experience with multiple bare junctions in a re- 
gion of continued chemical reaction is that such junctions usually 
read so high that values of combustion efficiency calculated there- 
from are far above 100 per cent, even when junctions farther 
downstream and shielded from direct radiation from the flame 
indicate reasonable efficiencies which are in good agreement 
with those calculated from analyses of the products of combustion. 

Without intent to detract from the value of the results ob- 
tained by the NACA with the thermometric system described, 
all of our knowledge and experience indicates that fortune in the 
form of compensating errors must have played an important role. 
It should be considered by no means certain that the compensa- 
tion will be as effective in other installations, and it is the feeling 
of this reviewer that others should be warned against, rather 
than encouraged in the use of bare junctions at the outlet of a 
turbojet combustor, unless the purpose is merely to obtain a 
very crude idea of the temperature gradients which exist at this 
location. 


Srewart Way.5 Temperature measurement forms the heart 
and substance of the solution of the problem of evaluating the 
altitude performance of gas-turbine combustion chambers. 
Though the method of measurement still leaves something to be 
desired, a perfectionist attitude would probably have tripled the 
time of the investigations without altering materially the over-all 
conclusions. 

Some objection might be raised to the use of bare-wire couples 
to measure temperatures in the 1200-1400 F range. Here, 
the authors’ statement that the use of shielded couples gave not 
more than a 10 F variation, after averaging,- from the un- 
shielded couples, leads to confidence in the probes employed. 
However, a simple calculation for a bare-wire couple in a 300- 
fps stream of gas, temperature 1200 F and wall temperature 
800 F (0.032-in. wire, 0.050-in. ball couple, 11/s-in. leads, 1 atm 
pressure) gives an error of —54 deg. It is possible that 
greater accuracy of local temperature measurement might in 
some instances have led to sufficiently high average outlet tem- 
peratures to give over 100 per cent efficiency. In such an event 
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one would need to introduce more couples into the stream. 
Ignoring the low-temperature gases in the few tenths of an inch 
near the walls introduces an error into the results which tends 
to offset the measured local temperature values being slightly 
too low. 

For the benefit of newcomers in this field, let it be said that 
the number of temperature stations chosen in some plane in the 
exhaust-gas stream must be astoundingly large if reliable results 
are to be obtained. One thermocouple per square inch of cross 
section is not at all unreasonable. The errors that result from 
too few probes may be much more serious than those resulting 
from partial recovery of total temperature, radiation to cool walls, 
and conduction along the leads. 

Variations in local temperature, periodically, with time cause 
an average local temperature reading somewhat higher than the 
true mass-weighted mean. This is due to the fact that during 
the interval in which a cold cloud of gas is passing the couple, the 
mass flow past the probe is larger than it is in the interval when 
hot gas is passing the probe. The relationship, if 7 is the recip- 
rocal of the absolute instantaneous temperature, is Tmean = 
1/7, whereas the measured average temperature, after eliminating 
other sources of error, is 7. For example, sinusoidal fluctuations 
of +200 deg superimposed on a time average temperature 7 = 
1660 deg R correspond to a mass-weighted mean temperature 
T mean, of 4648 deg R. This phenomenon can lead to apparent 
efficiencies well over 100 per cent if the temperature fluctuations 
are pronounced, but disregarded in the evaluation. 


AuTHoRS’ CLOSURE 


Both Mr. Fiock and Dr. Way are correct in pointing out the 
factors involved in attaining precise temperature measurements 
with thermocouples. This was recognized by the authors in 
citing references 1 to 5. The installation described in the paper 
may be said to provide a quick and workable solution to a dirty 
problem. Both average temperature and the temperature pro- 
file at approximately the plane of the turbine nozzle are required 
and are obtained from the system discussed in the paper. Even 
if shielding had been used and detailed temperature corrections 
had been made, the fluctuations in flow and temperature at any 
point in the exit of a combustor preclude a high degree of pre- 
cision. Temperature variations from thermocouple to thermo- 
couple and, in instances where combustion is faulty and fluctuat- 
ing, temperature variations on one thermocouple with time are 
frequently larger than corrections resulting from partial re- 
covery of total temperature, radiation, and conduction. The 
temperatures measured were considered as total temperatures. 

Installations of the sort described have been used by the 
NACA in a number of different combustors, both annular and 
can type, and have in all cases resulted in average temperatures 
that show agreement with average temperatures measured 
downstream with shielded thermocouples, have indicated com- 
bustion efficiency of the order of 98 to 99 per cent when this 
efficiency is expected, and have never measured above 100 per 
cent combustion efficiency. 


Determination of Gas-Turbine Combustion- 


Chamber Efficiency by Chemical Means 


By PETER LLOYD,? PYESTOCK, HAMPSHIRE, ENGLAND 


Because of certain limitations of the heat-balance 
method of determining combustion-chamber efficiency, 
a more accurate chemical method of analysis has been 
developed utilizing the gravimetric technique. This 
method has the added merit of indicating the nature of 
combustion loss, which at times may be very useful. 
Various approximate methods, chemical, physicochemi- 
‘cal, and physical can be devised, all of which require 
calibration against an exact and complete chemical de- 
termination. Details of the method and its application 
to the gas-turbine problem are presented. 


INTRODUCTION 


HE obvious method of determining combustion-chamber 

efficiency and the one to which all gas-turbine development 

groups have first turned their attention is the method of 
heat balance. Heat quantities and temperatures are, after all, 
the things with which we are mainly concerned, rather than 
chemical compositions. As a result, the heat-balance method 
has been developed to a high degree, so that it forms an essential 
tool in combustion investigations. 

It is not the purpose of this paper to discuss the limitations 
of heat-balance techniques, but since the case for gas-analysis 
methods turns on these eee it is in order to indicate 
what these are: 

(a) Accuracy. Heat input is measurable with any degree of 
accuracy likely to be needed, but heat output, involving the 
two quantities air mass flow and mean gas temperature in a 
stratified stream, cannot be so precisely determined. When all 
possible precautions are taken there is still a probable error of 
the order of 11/2 per cent, and, under the conditions of many de- 
velopment tests, the error is much greater. There are many 
purposes for which this sort of accuracy is quite good enough, but 
for others a higher standard must be demanded. 

‘(b) Nature of the Combustion Loss. A heat balance indicates 
the magnitude of the combustion loss, but gives no indication 
of its nature. ; 

(c) Applicability to Engine Testing. 

j method is scarcely applicable to engine tests. 


The heat-balance 


NATURE OF THE PROBLEM 


The combustion-chamber outlet has its concentration gradients 
as well as its temperature gradients; indeed in so far as unburned 
constituents are concerned these may be even more pronounced. 
The first requisite therefore is to procure a representative sam- 
ple. This is a point which was overlooked in Great Britain in 
some of our earlier work which, as a result, gave us misleading 
answers. 


1 Presented with the permission of His Britannic Majesty’s Sta- 
tionery Office. British Crown Copyright reserved. 

2 Ministry of Supply, National Gas Turbine Establishment. 

Contributed by the Fuels Division and Gas Turbine Power Divi- 


sion and presented at the Annual Meeting, Atlantic City, N. J.,- 


December 1-5, 1947, of Tum American Society or MECHANICAL 
ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 47—A-58. 


Quenching of the sample to stop further reaction is no diffi- 
culty, and any water-cooled sampling device would seem to 
satisfy this requirement (except that unstable substances such 
as the peroxides may break down at the sampling-tube tempera- 
tures). 

Having collected a representative sample and cooled it, there 
remains the problem of analysis. The combustible constituents 
which we have so far identified in our combustion gases are car- 
bon monoxide, hydrogen, formic acid, formaldehyde, gaseous 
hydrocarbons (largely methane), condensable hydrocarbons, 
carbon. 

The presence of acetylene and ethylene was recorded in some 
early tests but has not been generally confirmed in later and 
probably more accurate work. Similarly, the presence of per- 
oxides has never been firmly established in normal combustion 
products. 

The relative proportions of these constituents may vary over 
a wide range. Thus liquid hydrocarbons, which are present in 
almost negligible proportions under conditions giving high effi- 
ciency, can become the predominant component under some cir- 
cumstances. Similarly, the apparent temperature at which the 
water-gas equilibrium is frozen can vary considerably. 

In the technique of analysis, accuracy must be the primary 
aim, an objective which is complicated by the high dilution of 
the gas sample. This is illustrated by the fact that at a repre- 
sentative condition (100:1 air - fuel ratio) the presence of 0.01 per 
cent by volume of unchanged fuel vapor taken as Ciz Hos, repre- 
sents about 5 per cent combustion loss. 

However, accuracy must not be too dearly bought, for if it 
can only be achieved by excessive complication the usefulness 
of this result may be much reduced. Five approximate analyses 
may sometimes be more revealing than one exact one. Speed 
is therefore a secondary requirement of some importance. 


Gas SAMPLING 


The fact that steep concentration gradients exist in the exhaust 
stream of most gas-turbine combustion systems is sufficiently 
evident. It is illustrated by the wide divergence between the 
apparent air-fuel ratio, deduced from gas analysis with imperfect 
sampling methods, and the ratio deduced from measured air and 
fuel quantities. 

The first step toward collecting a representative sample is to 
withdraw gas from a large number of points across the outlet 
section. One way of doing this is with a fixed multiple sampling 
tube drawing individual samples from zones of equal area. 
Fig. 1 illustrates typical tubes of this kind for use on a circular 
outlet, the sampling holes being located so as to draw gas from 
annuli of equal area. A better method is to use a moving tube 
which continually sweeps the outlet area, and a device of this 
kind for use on the typical segmental outlet is shown in Fig. 2. 

The sampling tube is moved by a cam driven through a flexible 
coupling by a small electric motor so as to make 15 oscillations 
per min. With this arrangement the loci of the sampling points 
are numerous suitably spaced circular arcs. This device in- 
sures the provision of sampling points representative of the whole 
outlet area. However, this is not always a sufficient precaution, 
for a sample collected in this way is not necessarily a correctly 
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Fig. 1 Frxep Samprinc TuBEs FOR CrrcULAR OUTLETS 


cam driven electrically via a flexible coupling 
bearing carrying sampling tube ~ 

mixing chamber for sample gases 

sample-gas exit 

cooling-water entry 

drain for condensate 

sampling ports 

cooling-water exit ports 


ao OR hcl oh@ Rook 


Fig. 2 Automatic TRAVERSER FOR SEGMENTAL OUTLET 


six 0.025-in-diam sampling ports at centers of equal 
annular segments in exhaust area 

sample gas 

water 

water exit ports 

weld 


HOQW > 


Fie. 3 Derait or Samptinc Tuse From AuTOMATIC TRAVERSER 


weighted one. A typical sampling technique is to apply a con- 


stant suction to the tube, and with most sampling tubes the 


metering constriction occurs somewhere in the water-cooled part — 


of the system, i.e., the gas is metered cold. Such an arrangement 


will give a substantially constant sampling rate, and, as the mass - 


flow is not constant across the outlet area, the sample will not be 
representative. Ra: 

Consideration of conditions in the outlet stream indicates there 
is a possibility of getting a truly representative sample, as follows: 

Let p and » be the density and velocity at a point in the out- 
let stream. ; 

Let Q, be the mass flow into the sampling tube at this point. 
Then the requirement for collection of a representative sample 
is that 

Q, = pv 


Now, in the case just considered, the sampling rate is inde-— 


pendent of the local velocity and density, i.e. 
Oy c= pp? 


giving an indeterminate error. 

If the dynamic head of the stream is used to cause the flow 
through the sampling tube, with the metering restriction in the 
cold part of the system as before, then 


Q, a V/s p v*/g X V9 
; a 
Vp 


This arrangement approaches more closely to a true sample 
but is overweighted in terms of the less dense part of the stream, 
i.e., an excessive proportion of the sample is drawn from the 
hotter zones. If we retain the dynamic head of the stream as 
the effective pressure and meter the flow before entry to the cool- 


ing passage, then 
Que VW 4/2 pvt/g X Vo 


< pv 


a 


and the requirement for uniform sampling is satisfied. Meter- 
ing of the sampling stream before quenching is a condition that 
is not very easy to meet, but it can be approached fairly closely, 
and one way of doing this is shown in Fig. 3. On this design 
the metering orifices are drilled in an uncooled strip lying along 
the face of the sampling tube. This arrangement has been 
found in practice to give a reasonably representative sample in 
spite of most uneven outlet traverses. 

An alternative way of achieving the same objective is to place 
a mixing device in the plane of the outlet so as to create a uni- 
form mixture downstream. From this uniform stream a sample 
can be drawn using, if necessary, a single fixed tube. This 
method is naturally permissible only where chemical reaction has 
already ceased at the outlet plane, but our experience suggests 
that this condition is well enough satisfied in many cases. A 
turbine wheel, although the aerodynamicists may not readily 
admit it, is a fairly good mixer, and sampling from a jet pipe, 
therefore, may be undertaken with relatively simple devices with- 
out involving large sampling errors. 

A source of error which is not*allowed for in the foregoing 
argument is that associated with the presence of liquid droplets 
in the stream, a situation which may arise when heavy fuels are 
burned. In this condition, a sample representative of the local 
“streamline” could be obtained only by maintaining the gas 
velocity in the sampling port equal to the local velocity of the 
stream. However, such an arrangement would not give a sample 
representative of the whole gas flow. This difficulty can best 
be met by the help of an auxiliary mixer. Carbon when present 
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is assumed to be sufficiently finely divided to follow the gas flow, 
and the measurement is found to be substantially independent 
of sampling rate. ; 

A comparison of the air - fuel ratio, deduced from a gas analysis, 
with that derived from the metered-air and fuel quantities, pro- 
vides a good if not infallible check on the representative nature 
of any given sample. 


ANALYSIS 


A variety of methods have been used or proposed for examining 
gas-turbine exhausts; in the present paper we need consider only 
the more important ones. 

_ Cambridge Vacuum Fractionation Method. This method? was 
selected in the early days of gas-turbine development as being 
the most accurate available, especially for dilute mixtures, and 
a number of samples were examined in this way. This work 
was invaluable in showing what constituents were present and in 
providing a standard of comparison. 

The method achieves its accuracy by direct measurement (not 
by difference) of minor constituents and by the avoidance of all 
liquid reagents. Separation of constituents (or their combustion 
products) for measurement is achieved by fractional condensa- 
tion, using a temperature of —80 C to separate water vapor and 
other readily condensable constituents, and —180 C to condense 
carbon dioxide. The sequence of operations, greatly simplified, is 
shown. in Fig. 4; another layout of the apparatus is shown in 
Fig. 5. Neither illustration brings out the specialized nature of 
the technique,‘ which involves the use of high vacua, or the 
complexity of the measuring process which (with the original form 
of apparatus) required about 2 working days per sample. It 
was this complexity which led us, in the end, to abandon this 
method in favor of something simpler. 

R. R. Baldwin® has more recently shown that if the hydrogen 
and formaldehyde in the sample are ignored, then the method 
can be considerably simplified, reducing it to a level at which a 
laboratory assistant can complete a single sample in 3!/2 hr 
(analyzing for CO2, CO, CHa, other hydrocarbons, and oxygen). 
Even so, the technique remains a complex one and the process 
lengthy. Norrish and Russellé have also introduced anew 
refinement which may increase the scope of Baldwin’s simplified 
apparatus. This is to deposit on the glass apparatus a mono- 
layer of a hydrophobic substance and so to prevent the adsorption 
of water vapor. This should make it possible to measure hy- 


3 “A Method for the Accurate Analysis of Gaseous Mixtures,’’ by 
C. H. Bamford and R. R. Baldwin, Journal of the Chemical 
Society, 1942, p. 26. 

4 “High Vacuum Technique,”’ by J. Yarwood, Chapman and Hall, 
London, England, 1945. : 

5 Unpublished work with the Shell Company, Thornton Research 
Center, by R. R. Baldwin. 

6 ‘Adsorption of Water Vapour in High Vacuum Apparatus,’’ by 
R. G. N. Norrish and K. E. Russell, Nature, vol. 160, 1947, p. 57. 
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s MEASURE N; ec(_) 
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ESTIMATE CH4 


SEQUENCE OF OPERA- 
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CARBON 
MONOXIDE. 


LH TOPLER 
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coLo 
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Fic. 5 Vacuum-Fractionation Meruop; Layour or APPARATUS 
drogen concentrations (as water vapor) more accurately and 
without the sensitive Foord-Bourdon gage used in the original 
form of the vacuum apparatus. 

With the dilute samples characteristic of gas-turbine exhausts, 
the minor constituents which determine the loss can be esti- 
mated to about 0.005 per cent by volume, and Table 1 sets out 
the errors in the combustion-loss measurement which this degree 
of accuracy implies. The aggregate possible error due to the 
constituents measured is shown to be +0.73, but this excludes 
the possible error due to free carbon which is not measured at 
all, to unburned fuel which is not effectively measured, and to 
formic acid which is not differentiated from formaldehyde. 

N.G.T.E. Gravimetric Method. In this method the sample is 
drawn through a trap cooled to —80 C, and the condensate form- 


TABLE 1 ERRORS IN CHEMICAL METHODS OF COMBUSTION-LOSS ESTIMATION 


-—— Cambridge method ——. 


N.G.T.E. method 
Error in loss 


Error in Error in loss as as per cent 
estimation per cent of heat Error of heat 
by volume, input at in input at 

Constituent per cent q = 1/100 estimation q = 1/100 
Methane cesects aisle '<1= > 0.005 0.33 0.1 mg CO2 0.32 
Carbon monoxide....... 0.005 Oz1 0.1 mg CO2z 0.11 
Py drogenace sieeve sieiem eie 0.005 0.1 0.1 mg B20 0.24 
Formaldehyde.......... 0.005 0.2 0.1 ml of N/100 0.01 

solution 
Formic acid...........- Not distinguished from formalde- 0.1 ml of N/100 0.025 
hyde solution 
Unburned fuel.......... Not measured effectively 0.1 mg CO: 0 025 
Garbotnceee fore acceler Not measured 0.1 mg COz 0.014 
Aggregate possible error 0.73 per cent + 0.744 per cent 


error from 
last three con- 
stituents 
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Fig. 7 Gravimetric MetHop; SEQUENCE OF OPERATIONS 


ing there is used for estimation of the total condensable fuel 
residues; a one-liter sample of the remaining (gaseous) constituents 
is also collected. These gaseous constituents are passed through a 
reaction train, Figs. 6 and 7, in which they are separated by 
selective oxidation, followed by absorption of reaction products. 
This disposes of carbon dioxide, carbon monoxide, hydrogen, 
and gaseous hydrocarbons (methane is the only one found to be 
present). The condensable fuel residues from the freezing trap 
are burned in a stream of oxygeri and estimated as carbon di- 
oxide. This result needs to be corrected for other condensable 
constituents if present. Free carbon is collected in a miniature 
Gooch crucible, mounted in a water-cooled sampling head; it is 
estimated in the form of carbon dioxide after combustion. 

The other condensable constituents, formaldehyde and formic 
acid, are measured by titration after separate absorption processes. 

Chemical aspects of these measurements are fully described 
in a recent paper’ by J. J. Macfarlane, who has been responsible 
for the development of the method. 

The accuracy of the method depends mainly on the quantity 
of the sample drawn and the accuracy of the balance used. At 
present we have a balance sensitive to 0.1 mg, and we take 1-liter 
samples for the main réaction train, 5-liter samples for formalde- 
hyde and formic acid, 10-liter samples for unburned fuel, and 12- 
liter samples for carbon. Assuming further that the titrations 
have an accuracy of +0.1 ml of N/100. reagent, then the possible 
errors in efficiency estimation at air-fuel ratio 100:1 are those 
listed in Table 1. The errors listed in this table are, for either 
method, proportional to the air-fuel ratio. 

Assuming the simultaneous analysis of .a batch of samples 
with two reaction trains in operation, the time required for each 
complete analysis is about 2 man-hours. Using a single reaction 
train or analyzing individual samples takes correspondingly 
longer. 

Approximate Chemical Methods. 
analyses, various methods are possible. 
estimate efficiency in terms of the ratio. 


For quick approximate 
An obvious one is to 


Net carbon Mols of carbon present as CO2 
Mols of total carbon present 


Gross carbon 


The sample for indication of net carbon is prepared by drawing 


7“The Application of Chemical Analysis to the Investigation of 
Gas Turbine Combustion Problems,” by J. J. Macfarlane, Proceedings 
of the International Congress of Pure and Applied Chemistry, 1947. 
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through a freezing trap at —80 C to remove formaldehyde and 
formic acid. That for total carbon is passed through a furnace 
containing copper oxide at 950 C, in which all combustibles will 
be burned. It is easy to arrange for simultaneous sampling 
through the two circuits in parallel. Alternatively, it may 
sometimes be preferable to determine the ratio 


Mols of carbon unburned 
Mols of total carbon 


as may be done, with a certain error, by drawing the numerator 
sample through soda lime to remove existing CO:, through a fur- 
nace to oxidize the unburned constituents, and then to the 
analyzing apparatus for estimation of the mols of carbon un- 
burned. The error involved is that formic acid and formaldehyde 
will be absorbed with the initially present COs, while some un- 
burned fuel may also be lost. 

Analysis may be effected by the well-known Haldane appara- 
tus or by various other means. For speed, a physical method 
may be preferred, e.g., the measurement of the hydrogen-ion 
concentration in a sodium-bicarbonate solution saturated with 
the gas under examination. This method, which was first pro- 
posed by Wilson, Orcutt, and Peterson® has been developed fur- 
ther by Baldwin‘ for this purpose. A standard glass electrode is 
used, fitted in the solution through which the gas sample is 
bubbled, the second electrode being a reference calomel elec- 
trode in saturated potassium chloride. This device gives a 
direct indication of pH from which CO: percentage is simply 
calculated. The accuracy is +2 per cent of the CO2 reading 
over the whole range, and the time required to reach equilibrium 
is a few minutes. 2 

To equate the ratio net CO2-gross COz to combustion effi- 
ciency would be to assume that the heat of combustion of the 
unburned constituents is the same as that of the fuel needed to 
produce the same quantity of COs, which obviously is not justi- 
fied. Experience shows that the ratio of these heats of com- 
bustion, and hence the ratio of true combustion loss to per cent 
carbon unburned, varies substantially with a mean value in the 
region of 0.65. For the purpose of the approximate method we 
therefore can use the generalization 


Carbon unburned 


Combustion 1 t = 0.65 
ombustion loss per cen x Totab eas bon 


The accuracy of this method will be discussed later. The time 
required for sampling and analysis, using the Haldane apparatus, 
is about 1/2 hr; using the pH meter, about 10 min. 

Approximate Physical Methods. Various other approximate 
methods are possible and may have a certain application; none 
of these is as fully developed as the chemical methods, but 
they deserve mention because of their potential speed and 
simplicity. 

There are, for example, the methods depending on the com- 
bustion of some or all of the unburned constituents on a catalyst, 
and the measurement of a heat quantity. Ideally, the catalyst 
should oxidize all the unburned gases and vapors and so give a 
direct measure of the heat of combustion of the exhaust gas, 
and hence of the combustion loss. This ideal has not, to the 
author’s knowledge, been achieved, the chief problems being 
the ignition of the methane and the avoidance of poisoning on the 
catalyst surface. There is no reason, however, to consider these 
problems insoluble. 

A second best is a catalyst which will deal reliably with a repre- 
sentative part of the unburned gas and vapor. It has been 


8 “Determination of Carbon Dioxide in Gas Mixtures,’ by P. W. 
Wilson, F. S. Orcutt, and W. H. Peterson, Industrial and Engineering 
Chemistry, Analytical Edition, vol. 4, 1932, p. 357. 
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found in Great Britain that if the gas sample is suitably puri- 
fied to remove constituents which poison it, a hot platinum wire 
will provide a suitable surface and will give an indication of the 
combined concentration of carbon monoxide and hydrogen. 
Methane is not oxidized, and the purifying process removes the 
heavy hydroearbons, formaldehyde, and formic acid. The mech- 
anism of the instrument? is that the heat released at the sur- 
face of the wire raises its temperature, so changing its resistance 
and throwing a bridge out of balance. There are two stages 
of approximation here, namely, (1) the instrument does not 
respond equally to carbon monoxide and hydrogen so that with 
a variable CO-H) ratio, as we may have, the calibration is arbi- 
trary; (2) the heat loss in (CO + .Hp) is not necessarily a fixed 
proportion ofthe whole. This point will be further examined in 
a later paragraph in which some results are presented. 

Another physical method which may prove to be important 
is that based on infrared absorption; the principle is as follows: 
Two matched low-temperature elements send their heat radiation 
through two absorption chambers into receivers, both of which 
are filled with the pure gas to be estimated. One absorption 
chamber is filled with the gas sample; the other is a comparison 
chamber which is usually filled with air. Both radiation paths 
are periodically interrupted by a shutter. Radiation passing 
through the gas sample is partly absorbed, and this effect reduces 
the heat reaching the receiver; both absorptions are associated 
with the characteristic infrared spectrum of the gas being esti- 
mated. As a result, changes in the heat picked up in the re- 
ceiver constitute a specific measure of the concentration of the 
gas which is being estimated. 

The purpose of the second channel is to balance out the slow 
and unseleétive heating of the measuring-chamber walls and so 
to make the instrument respond only to changes in gas tempera- 
ture. The two measuring chambers are separated by a fine 
membrane which forms one plate of a variable condenser. 
Changes in gas pressure in the two halves of the receiver thus 
cause changes in capacity of the little condenser; these are con- 
verted into potential changes, rectified, amplified, and indicated 
on a millivoltmeter. 

This system can be made extremely sensitive and can indicate 
to 2 per cent or less of a full-scale deflection corresponding to 
0.2 per cent by volume of the gas being measured. Some care 
may be needed to maintain consistent accuracy. The indica- 
tion is virtually instantaneous, and, for a single gas such as car- 
bon monoxide, it should be very good. However, measurement 
of a single constituent is hardly enough for gas-turbine applica- 
tions, so that, for this system to become effective, a more com- 
plex arrangement will be necessary. Probably the best way of 
using it would be in conjunction with an approximate chemical] 
method, e.g., for indication of COz per cent formed by combus- 
tion of the unburned constituents in the gas. 


RESULTS 


Table 2 shows a set of results obtained” by the gravimetric 
method on an experimental combustion chamber of the aero- 
engine type, i.e., burning distillate fuels at a high combustion 
intensity. The test results cover a fair range of conditions and 
illustrate the changes in the proportions of the various loss con- 
stituents which may take place. Thus the carbon monoxide/ 
hydrogen ratio varies widely and, in an apparently indiscriminate 
fashion, unburned fuel may be negligible but may equally well be 
the predominant constituent of the combustion loss. Formal- 
dehyde and formic acid are of secondary importance in all these 


° Manufactured by the Cambridge Instrument Company, 13 
Grosvenor Place, London, S.W. 7, England. 

10 By J. J. Macfarlane, F. H. Holderness, and H. Smith at the 
National Gas Turbine Establishment, England. ° 
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TABLE 2 EXAMPLES OF COMBUSTION LOSSES DEDUCED FROM ANAL 
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analyses, but this is not always the case. Carbon formation 
increases with heavier fuel (gas oil) and carbon-rich fuel (tetra- 
lin); it also increases with combustion-chamber pressure, al- 
though this point is not brought out by Table 2. - 

The sampling error is appreciable in many of these tests, largely 
because the combustion chamber on which this work was done 
was not a fully developed type and had a very bad outlet traverse. 
The improved sampling tube was used only on the first group of 
samples (tests on alternative fuels). 

The last four columns of the table give some indication as to 
how approximate methods might work out in practice. Measure- 
ment of carbon monoxide alone is seen to be of very little value. 
Even in the region of high efficiency it indicates a loss which 
differs substantially from the true value, and in the region of low 
efficiency this error rises to over 20 per cent. Measurement of 
carbon monoxide plus hydrogen is rather better in the high- 
efficiency region, but still shows a big error in the low-efficiency 
condition. 

The usefulness of these methods is evidently limited to regions 
of high efficiency and even here they will give indications rather 
than measurements of combustion loss. 

The carbon-balance method is rather more consistent but even 
this indicates a widely varying proportion of the true loss. A 
refinement of the carbon-balance method would be to use it in 
conjunction with an estimation of carbon monoxide, e.g., by 
selective oxidation in a low-temperature copper-oxide furnace. 
This would call for measurement of three CO, concentrations, 
preferably by one of the following rapid physical methods: 


(a) Total CO, after oxidation of all unburned constituents. 
(b) CO, formed by oxidation of CO. 
(c) CO, formed by oxidation of all unburned constituents. 


Total combustion loss would then be calculated as follows: 


CO, from CO _ Heat of combustion of oy) 


| Total loss = ( 


Total CO, Heat of combustion of fuel 
eis CO, from total unburned const—CO, from =) 
Total CO, 


The loss which would be indicated in this way is given in the 
last column. 

It will be realized that while these test results cover a fair 
range of conditions, any generalized conclusions which are drawn 


. 


from them must be qualified. Other designs and other fuels may 
give substantially different results, 


CONCLUSIONS 


The most accurate method available for determination of com- 
bustion efficiency is. the chemical one using the gravimetric 
technique. The method has the incidental merit of indicating 
the nature of the combustion loss, information which may be very 
helpful in diagnosis. Various approximate methods, chemical, 
physicochemical, and physical can be devised, and there are ap- 
plications for several of them depending upon circumstances. 
All the approximate methods require calibration against an exact, 
and complete chemical determination. 

Whatever analytical method is used, the collection of a repre- 
sentative sample is a first essential, and analyses which reveal 
a discrepancy between the calculated air - fuel ratio and that de- 
duced from air and fuel measurement must be treated with re- 
serve. 
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Discussion 


W.J. Kine." This paper represents an excellent contribution 
to the subject of gas-turbine combustion. It seems to the writer 
that an added merit of the chemical method proposed by the 
author lies in the fact that it provides a means for obtaining an 
independent check upon combustion-chamber efficiency as de- 
termined by conventional methods. All of us who have spent 
any considerable amount of time working with heat have been 
impressed by the liability of error in the measurement of the flow 
or generation of heat, when only a single method is employed. 
The error may sometimes be consistent and therefore all the 
more difficult to detect. Accordingly, it is always helpful to have 
an alternative method for measuring quantities of heat, as by a 
heat balance, and the author’s method offers a means for ob- 
taining such a check. 


11 Director, Sibley School of Mechanical Engineering, Cornell Uni- 
versity, Ithaca, N. Y. Mem.-ASME. 


Mechanisms of Combustion and Their 
Relation to Oil-Burner Design 


By H. R. HEIPLE! ann W. A. SULLIVAN,! NEW YORK, N. Y. 


The combustion of fuel oils is a very complex process 
from the viewpoint of the kineticist. In any attempt to 
treat this subject theoretically the over-all process must 
be broken down into a group of consecutively and fre- 
quently concurrently occurring chemical and physical 
changes and each of these analyzed in turn. From an 
integration of the conclusions obtained by this means a 
more comprehensive conception of the factors involved 
in the burning of hydrocarbon fuel oils may be attained. 
In this paper an attempt will be made to show what proc- 
esses are involved, and means by which this information 
may be utilized in the design of burners will be indicated. 


THEORETICAL CONSIDERATIONS 


NASMUCH as the chemical reaction wherein the oil unites 
with oxygen to liberate heat and combustion products is of 
primary interest, certain aspects of the kinetics of chemical 
reactions will be discussed briefly (1).2 The combustion of fuels 
generally occurs in the vapor phase; consequently, we are con- 
cerned with the kinetics of gaseous reactions. The molecules of 
gas (whether hydrocarbon, oxygen, or inert) are in a state of 
constant motion, the velocities being distributed according to 
the Boltzmann distribution law. Each gaseous molecule is con- 
tinuously undergoing collisions with other molecules, but, in 
general, these collisions are elastic and the colliding molecules 
separate unchanged. If the sum of the energies of two or more 
colliding molecules exceeds a certain minimum value, however, 
and if the excess energy is properly distributed in those molecules 
the collision becomes inelastic and chemical reaction occurs be- 
tween the colliding molecules. The reaction rate is dependent 
on temperature in two ways; first, in relation to the frequency 
of collision, which is proportional to the square root of the ab- 
solute temperature; and second, to the percentage of the mole- 
cules possessing energy in excess of the minimum value required 
for reaction to occur (the ‘‘activation’” energy), which is an 
exponentional function given by the expression e~H/ RT wherein 
T is the absolute temperature and # and RF are constants. 
Chemical reactions occur by one of two mechanisms, namely, 
~ by a thermal or by a chain mechanism. In thermal reactions 
molecular species only are involved. The energy of activation is 
distributed among translational, rotational, and vibrational 
degrees of freedom. Electronic forces such as residual valency 
in general are not involved. Energies of activation and rates of 
reaction are in general rather easily measured. Reactant mole- 
cules dissipate the excess energy liberated in the reaction non- 
specifically; frequently the dissipation of the energy of reaction 
raises the temperature of the reacting mass, resulting in an ac- 
celeration of the reaction. If the initial temperature exceeds a 


1 Shell Oil Company, Inc. 

2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Fuels Division and presented at the Annual 
Meeting, Atlantic City, N. J., December 1-5, 1947, of Toe AMERICAN 
Socrery or MecHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No, 47—A-34, 


TABLE 1 


Principle of Energy—Chain Reactions 
A* + B-> AB* 
AB¥+A>A *+ AB 
AB¥ +B>B *+ AB 
Bt + A> AB* 
Chain Breaking 
AB* (A*, B*) + M - AB (A,B) 


Note: A and B are the reactants, AB the resultant molecules. 
molecules represent energy-rich molecules. 
(or the wall). 


Starred 
M represents an inert molecule 


TABLE 2 POSTULATED MECHANISM OF HYDROCARBON OXI- 
DATION BY A MATERIAL CHAIN PROCESS? 


A Chain initiation 
O2 surface 
R:-CH: —> R:CH:00H STE AP set + H.0 
2 surface 
R-CHO ——> R-CO(OOH) ———> R-COO + OH 


surface 

B Hydrocarbon oxidation chain 
R-CH2-CH; + OH > R-CH2CHz + H20 
R-CHe-CHz + O2 > R:CHz-CH200 -> R-CHO + CH:0 
CH:0 + Oz: > CO + H20 + OH 

C Aldehyde oxidation chain 

R-CHO + OH > R.CO + H20 


R-CO + Or> R’CO 24 be Seo 
HCHO* > HCHO + bh 
HCHO + OH > HO a HCO 
HCO + O2 > HOz2 + CO 
HCHO + HO2—> H20 + CO + OH 

D Peroxide branching 
R-CH200 + R: CHO +> R-CH,OOC(OH)R 
R-CH200C(OH)R -> R:CH20 os RCO + OH 
R:CH20 + O2-> R-CO + 20 
R-CO + O: >... HCHO* + AGO + OH 


Oz 

i.e. R-CH200 + R-CHO > R-CH:OOC(OH)R —> ... 50H 
E Peracid branching 

HOz + R:-CH2CHO + O2 > R:CH2CO(OO) + 20H 

uy Po ang ty > H.O + CO + R-CO 

CO + 0.>... HCHO* + CO + OH 

i.e. HOs + R-CHO-+ 0:->...30H 
F Chain breaking 

OH > destruction at surface 


e 


. HCHO* + CO + OH 


Nore: HCHO* represents the activated formaldehyde molecule to which 
the ‘‘cool flame”’ radiation is ascribed. 


certain value the reaction will accelerate until the rate becomes 
infinitely large; a thermal explosion is said to occur in this case. 
Preceding the explosion, however, a rise in temperature and an 
acceleration of the reaction, frequently measurable, inevitably 
occur. 

In the second type of aca mechanism, known as the chain 
mechanism, the initial reaction is invariably followed by a chain 
of successive reactions. In some reactions the resultant mole- 
cules transfer their excess energy more or less specifically to one 
or another of the reactant molecules and thus give rise to a series 
of reactions initiated by a single molecule having energy in excess 
of the activation energy. The principle involved is illustrated 


in Table 1. In such a reaction the chain carriers are energy-rich 
molecules. Consequently it is known as an energy-chain reac- 
tion. Other chain reactions include as reactants atoms and meta- 


stable molecular species (radicals). This type of reaction is il- 
lustrated in Table 2. In such reactions the over-all rate is pro- 
portional to the concentrations of chain carriers (atoms or 
radicals) and consequently is affected by the rate of formation 
and destruction of the carriers. Frequently one step in the re- 


3 Mechanism proposed by B. Lewis and G. von Elbe, “‘Combustion, 
Flames, and Explosions of Gases,’’ Cambridge University Press, 
London, England; The Macmillan Company, New York, N. Y 
1938, chapter 4. 


343 


ww 


344 TRANSACTIONS OF THE ASME 


action gives rise to more than one chain carrier and the chain 
is said to branch. If the rate of chain initiation and branching 
exceeds the rate of destruction of chain carriers the reaction rate 
increases rapidly and approaches infinity, resulting in a “‘branched 
chain” explosion. Chain reactions, whether of the energy or 
material type, cannot readily be analyzed by the method of 
Arrhenius with the end of obtaining activation energies, inas- 
much as the reaction invariably involves a number of steps. 


THE OxIDATION oF HyDROCARBONS 


The oxidation of hydrocarbons, particularly of the gaseous 
and more volatile liquid hydrocarbons, has been studied ex- 
tensively and has been shown to proceed by a chain mechanism. 
Most of the studies have been made at lower temperatures (be- 
tween 400 and 1100 F) and at atmospheric or subatmospheric 
pressures where the reactions proceed slowly. Chain initiation 
occurs at the surface by a heterogeneous reaction at low tem- 
peratures, but homogeneous gas-phase reactions presumably 
initiate chains at higher temperatures, especially in the oxida- 
tion of higher paraffins and alkyl-substituted benzenes. The 
initial reaction product is generally believed to be a peroxide. 
Further reaction of the peroxide molecules produces hydroxyl 
(OH) radicals. Hydroxyl, alkyl, and RCO radicals (the latter 
two produced by interaction of the OH radicals and oxygen mole- 
cules with hydrocarbon molecules) constitute the principal chain 
carriers of the oxidation process. One of the proposed oxidation 
mechanisms involving these radicals is presented in Table 2. 
Chain branching presumably is an important part of hydrocarbon 
oxidation; two different mechanisms of branching have been 
postulated, as shown in Table 2, one relating to low tempera- 
tures, the other to a high-temperature range (2). That two 
different mechanisms exist seems to be indicated from the tem- 
perature-pressure self-ignition characteristics of hydrocarbons, 
an example of which is shown in Fig. 1. 


——— - 
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In the slow oxidation of hydrocarbons the concentrations of 
the chain carriers, whether OH, R, or RCO, are vanishingly 
small, and even in explosive reactions in experimental vessels of 
conventional size the exhaustion of reactants prevents the at- 
tainment of a detectable concentration of radicals and atoms. 
In the flame produced by the burning of hydrocarbons (such as 
occurs with a Bunsen burner, a kerosene lamp, or an oil burner), 
however, the concentration of radicals and atoms becomes ap- 
preciable in a relatively narrow zone, the flame front. The 
radicals formed in the flame front may or may not be the same 
as those in the slow oxidation reaction. There is evidence that 
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different mechanisms are involved in slow oxidation and in the 
flame. This may be expected, inasmuch as the temperatures 
involved are of different orders of magnitude. The rate of 
liberation of energy in the flame is very high (as is evident from 
the fact that visible and ultraviolet radiation is emitted), and 
reactions may occur for which the necessary activation energy 
is not available at lower temperatures. We would, accordingly, 
expect differences in the mechanism of oxidation in the slow 
oxidation of hydrocarbons and in flames. 

The rapidity and the completeness of the reactions involved 
in the burning of hydrocarbons and other fuels with the appear- 
ance of flame have precluded to the present any detailed elucida- 
tion of the reaction mechanism. Our present knowledge has 
been obtained largely from spectroscopic studies of flames (3). 
Broadly speaking, three types of flames may be recognized, 
namely, “blue” flames, “green’’ flames, and “luminous” flames. 
The first two types of flames are generally obtained when lean 
through stoichiometric to slightly rich mixtures of saturated: hy- 
drocarbons and air or oxygen are burned, the third in the burn- 
ing of rich mixtures of aromatic or highly unsaturated hydro- 
carbons (e.g. acetylene) and oxygen or air. The spectroscope 
reveals that the blue flame emits lines and bands ascribed to 
OH and CH, as well as the so-called “Ethylene Flame Bands,” 
sometimes ascribed to HCO. ‘These lines and bands are in the 
blue-violet and ultraviolet portion of the spectrum. The color of 
the green flame arises from the ‘‘SSwann” bands which occur 
in the green portion of the spectrum and are ascribed to the 
radical C,. Luminous flames, which show a continuum over 
most of the visible spectrum, owe their luminosity to incandescent 
carbon particles. Dependent on the temperature of the flame, 
the light emitted from the luminous flame may vary from red- 
orange through yellow to white. The color of the emitted light, 
however, has no apparent relation to the mechanism of the reac- 
tion. : 

In relation to flame color it should be noted that any hydro- 
carbon can be made to burn with any one of the three types of 
flames, the character of the flame being more dependent on the 
fuel-air ratio and the homogeneity of the mixture than on the 
molecular construction of the hydrocarbon. Thus acetylene or 
benzene can be made to burn, under a rather narrowly limited 
range of conditions, with a blue flame, and methane can be made 
to burn with a luminous flame. : 

The occurrence of such radicals as CH and C, in the flame 
indicate that other modes of reaction occur in flames than in the 
slow oxidation. There is some reason to believe that hydrogen 
atoms -may be “stripped” from a hydrocarbon molecule, with 
attendant formation of C, radicals. This is indicated by the 
appearance of the Swann bands in flames of mixtures slightly 
richer than stoichiometric. Deposition of carbon has been 
ascribed to polymerization of C, radicals (4). The highly 
luminous flames obtained with rich mixtures with their tendency 
to smoke and form soot strengthens this assumption. It seems 
probable that oxygen atoms play a significant part in the reac- 
tions in the flame front, inasmuch as the energy levels are suffi- 
ciently high to cause dissociation of the oxygen molecule. The 
presence of CH and C» spectral bands would suggest a tendency 
to split off segments of the molecule by breakage of the C—C 
bond at certain stages in the oxidation process, another reac- 
tion that is not considered plausible at lower temperatures. 
These and similar considerations must be evaluated in attempt- 
ing to formulate a mechanism for oxidation in the flame, a proj- 
ect which would be far beyond the scope of this paper. 


Comrrtine Reactions Invotvinc HypRocARBONS 


Although the combustion mechanism is of such complexity 
that the processes involved have not yet been determined and 
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set in order, an additional complication arises through the oc- 
currence of a number of reactions involving only the hydrocar- 
bon molecules. The reactions involved are those commonly 
designated as cracking, polymerization, and isomerization. 
These three types of reaction are theoretically separable, but 
in practice they are generally insolubly interlinked. Cracking 
implies the scission of C—C or C—H linkages, with the resultant 
formation of hydrocarbon molecules of lower molecular weight 
and frequently of different molecular type. Also combined 
and frequently classified with cracking, is the dehydro- 
genation of hydrocarbons, ‘such as occurs when a hydrocarbon 
molecule loses two or more atoms of hydrogen with formation 
of double or triple bonds. Polymerization reactions involve the 
fusion of two or more molecules to form a higher molecular- 
weight molecule, and isomerization is the process wherein the 
hydrocarbon molecule undergoes a,change in molecular structure 
without an attendant change in molecular weight. Under cer- 
tain conditions these three types of reactions occur concurrently 
with the oxidation processes, and to these reactions certain 
of the problems of the burning of fuel oils are ascribed. Hydro- 
carbons of different types show markedly different tendencies to 
crack; accordingly in the discussion to follow the several hydro- 
carbon types will be considered separately (5). 

Paraffin hydrocarbons, such as open-chain hydrocarbons con- 
taining only single C—C bonds, react principally by scission of 
C—C bonds to form paraffins and olefins of lower molecular 
weight. It appears that the hydrocarbon chain may break at 
any point, since analysis of the products from pyrolysis of the 
lower paraffins generally reveals the occurrence of at least one 
hydrocarbon having up to n-1. (where the original hydrocarbon 
had n) carbon atoms. The mechanism of pyrolysis, however, is 
not clear. Hydrogen and ethylene are found in most cases in the 
gaseous reaction products. 

The temperature at which the reaction rate of pyrolytic reac- 
tions becomes appreciable varies with the molecular weight of the 
hydrocarbons. In the case of the higher molecular weight hydro- 
carbons with which we are concerned, the rate may be appreciable 
at 900 F, which is only a few hundred degrees above the end 
point of distillate fuel oils. Since in certain types of burners 
the fuel may be subjected to these and higher temperatures 
cracking may occur to a considerable extent. Available in- 
formation indicates, however, that high-molecular-weight poly- 
mers and carbon are not formed by cracking of paraffinic hy- 
drocarbons. 

The pyrolysis of olefinic hydrocarbons may result in poly- 
merization, isomerization, or decomposition. ’ The first and 
second of these reactions occur at lower temperatures (as low as 


600 F).. As the temperature is raised decomposition begins and’ 


the three reactions occur simultaneously at moderately high 
temperatures; increase in temperature seems to favor the de- 
composition reaction. The products formed by pyrolysis of 
olefins, accordingly, are more numerous and comprise more 
types than are obtained by pyrolysis of paraffins, e.g., with a 
higher-molecular-weight olefin (C:s6Hs2) pyrolysis yielded a com- 
plex mixture containing olefinic, paraffinic, and aromatic hydro- 
carbons. In these experiments unsaturated hydrocarbons of 
lower molecular weight were formed in considerable quan- 
tity at about 1100 F, but aromatic hydrocarbons and tar were 
formed, together with some carbon, at higher temperatures. 
Accordingly, the presence of olefins in fuel-oil distillates may give 
rise to tarry and cokelike deposits if the temperature to which 
unburned fuel is exposed should become excessively high. 
Relatively little information is available on the pyrolysis of 
naphthenes. It may be postulated that the major portion of 
the naphthenes in distillate fuel oil is composed of alkyl cyclo- 
hexanes, with bicyclic hydrocarbons and alkyl cyclopentanes 
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present in minor proportions. Theoretically, these naphthenes 
can react by scission of C—C or C—H bonds in the side chains, 
scission of C—H in ring (dehydrogenation to corresponding 
aromatic or cyclo-olefin molecules), or rupture of a C—C bond 
in the ring and breakdown of the ring structure. Experiments 
with cyclohexane and its lower homologs have shown that all 
three types of reaction occur. 

As in the case of naphthenes, aromatics may undergo a number 
of different types of reactions. In addition to the foregoing 
reactions, scission of a C—C bond between ring and side chain 
(dealkylation) or simultaneous occurrence of two of these reac- 
tions is possible. In cases of C—H scission in the ring or of 
dealkylation the aromatic radicals formed frequently combine 
to form ‘‘multiple ring compounds,” such as diphenyl. Under 
certain conditions ring fusion occurs with formation of the poly- 
nuclear aromatics, such as naphthalene, anthracene, phenan- 
threne, and the like. It seems probable that cracking of aro- 
matic hydrocarbons in every case (including severe pyrolysis 
leading to rupture of the rmg) yields higher-molecular-weight, 
low-volatile aromatics. As will be noted later these materials 
are potential sources of trouble in certain types of oil burners. 

Fortunately aromatic hydrocarbons are relatively more stable 
than the other three types of hydrocarbons, and the rates of 
cracking in the absence of catalysts does not become appreciable 
below red heat (about 1300 F). Accordingly it would seem that 
cracking of aromatic hydrocarbons could be minimized by close 
control of temperatures. 


PROPERTIES OF HyDROCARBONS AFFECTING BURNER DESIGN 


Certain physical and physicochemical properties of hydro- ~ 
carbons and their mixtures are of considerable significance in 
their utilization as fuels. The most important of these will be 
defined at this point and their effect will be discussed in more 
detail in the section on oil-burner performance. 

The properties that seem to be of most significance are as fol- 
lows: ‘ 

1 Volatility. The volatility of a fuel is a measure of the 
readiness with which it changes from the liquid to the vapor 
state. Since complex mixtures are used in practice, the volatility 
is generally defined in terms of the flash point and the distillation 
range, with particular emphasis on the initial boiling point and 
ten per cent point in the latter. 

2 The heat of vaporization is the quantity of heat required 
to vaporize a given weight of material. This quantity varies 
for different types of hydrocarbon mixtures with the same vola- 
tility, being greater for aromatic than for paraffinic hydrocar- 
bons. 

3 Viscosity is the resistance of a fluid to flow. 

4 Limits of inflammability are the limiting percentages of 
fuel vapor in air defining the region of fuel vapor-air mixtures 
in which a flame will propagate. There is little variation be- 
tween fuels of different types, but these limits, in themselves, are 
of importance. 

5 Carbon residue, as determined by one of several methods, 
is a measure of the tendency of the fuel to crack and form, as an 
ultimate product, petroleum coke. 


BuRNER DESIGN AND RELATION TO THE COMBUSTION CHAR- 
ACTERISTICS OF FUELS 


The number of devices invented to burn distillate fuel oils is 
quite large, and the enumeration of them alone would require an 
excessive amount of time. These devices, however, operate by 
either one of two methods: They vaporize the fuel, mix it with 
air, and burn the mixture, usually with the aid of secondary air; 
such burners are known as vaporizing burners; or they disperse 
the oil as fine droplets by some mechanical or hydraulic means 
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and burn the mist of oil droplets after admixture with air; such 
burners are known as atomizing burners. Although considera- 
ble differences exist between individual burners, each can be 
classified in one or the other of these types. Accordingly the 
discussion of the relation between burner design and combustion 
characteristics of fuels will be based on these two types, rather 
than on different individual kinds of burners. 


VAPORIZING BURNERS 


From the chronological viewpoint the vaporizing type of oil 
burner would seem to take precedence over the atomizing type 
of burner. In this method of burning oil a number of methods 
have been used to vaporize the oil, namely, from a wick, from a 
shallow pool, and from a thin layer of oil on a solid surface. In 
some burners a combination of these methods is used, e.g., 
in sleeve-type range burners the oil is vaporized from a wick in 
starting, but from a pool of oil after the metal vaporizing sur- 
faces, sleeves, and the like have been heated to operating tem- 
peratures. Novel means of vaporization have been proposed 
and sometimes employed; this discussion, however, will be 
limited to the more conventional burners employing vaporiza- 
tion from an oil pool or from a solid surface. 

In the conventional pot-type vaporizing burner, Fig. 2, fuel 
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enters a shallow concave ‘‘dish,” either from the center or the 
side, and forms a pool of oil. By means of a burning piece of 
paper, cloth, or waste a small amount of oil is caused to vaporize 
and begin to burn. The heat generated vaporizes additional oil 
until oil vapors are rising from the entire surface. Air is ad- 
mitted through openings in a cylindrical shell surrounding the 
vaporizing chamber. The number of openings varies with the 
height above the oil surface, being relatively few at the bottom 
and numerous near the top. As oil vapor begins to form in 
quantity the mixture in the lower portion of the combustion 
chamber becomes too rich to burn and the flame rises. Baffles 
are frequently incorporated in the combustion chamber to im- 
prove the mixture. In some burners the air is secured by na- 
tural draft, whereas in others the air is supplied by means of a 
fan. 

This seems to be a logical place to note the relation of the 
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theoretical aspects of combustion to this method of burning oil. 


The energy necessary for vaporization of the oil, which, as noted 
previously, varies with fuel type, is supplied by conduction 
through the metal and by radiation from the burning oil vapors. | 
Inasmuch as the rate of heat transfer by conduction is propor- ° 
tional to area and difference in temperature (transfer by radia- 
tion should, it seems, be avoided) there is a definite relation be- — 
tween the rates of vaporization and burning. But the rate of 
cracking reactions is also a function of the temperature. Fuels of 


relatively high volatility and low heats of vaporization are ac- f | 


cordingly desirable if cracking is to be minimized. Carbon 
residue is an experimental property of the fuel indicative of its 
resistance toward cracking. 

The oil vapors begin to mix with air a short distance above the 
oil surface, and since the temperature is considerably greater » 
than that at which slow oxidation occurs these reactions begin 
as soon as oxygen becomes available. A self-sustaining flame 
will not appear until the fuel vapors have been diluted with at 
least thirteen volumes of air, i.e., until the mixture becomes 
leaner than that defined by the upper limit of inflammability. 
In this volume containing mixtures too rich to support a flame 
oxidation reactions occur, with formation of aldehydes, per- 
oxides, and other oxidation and hydrocarbon degradation prod- 
ucts. In general this is not deleterious, but in designs in which 
these vapors may strike a cold surface, deposition of gumlike 
materials, which may be the precursors of tar and coke, may 
occur. Since rates are the important consideration, much of the 
problem of design must be concerned with the time factor, both 
in regard to vaporization and mixing of fuel vapors and air. 

Vaporizing burners are sometimes low in efficiency and in gen- 
eral are subject to soot and carbon formation. From the pre- 
ceding discussion the reasons for the difficulties encountered in 
practice in obtaining high efficiency and completeness of com- 
bustion are rather easily discernible. Briefly they are as fol- 
lows: 


1 There is, in general, inadequate provision for regulation of 
air flow. Consequently a gross excess of air may exist at low 
fire and a deficiency at high fire. 

2 The means of mixing fuel vapors and air are frequently 
primitive and relatively inefficient. 

3 The temperatures of liquid fuel and very rich oil-air vapors 
are not controlled. Consequently cracking reactions may be 
appreciable in both liquid and vapor phases. As indicated 
previously this leads to formation of high-molecular-weight low- 
volatility hydrocarbons, particularly when fuels containing aro- 
matics are being burned, which may condense on the sides of the 
combustion chamber and by continued cracking ultimately yield 
tars and coke. 

4 Frequently the oil is exposed to radiation from the flame. 
It is conceivable that photochemical reactions occur, which 
aggravate the tendency toward soot and carbon formation. 

5 Frequently flames impinge on relatively cool surfaces. 
Since, in general, the flames are luminous and the mixture is 
frequently rich at the points of impingement the cooling of the 
flame results in deposition of finely divided carbon, i.e., soot, on 
these surfaces. 


In designing a vaporizing burner the foregoing points should 
be borne in mind. The temperatures of liquid and vapors of 
fuel oil should preferably be kept well below the cracking tem- 
perature, yet provision should be made to supply a sufficient 
amount of heat to vaporize the required quantity of fuel. Fuel 
vapors and air should be formed into a homogeneous mixture too 
rich to support combustion, which is then burned, preferably 
under turbulent conditions, in the presence of sufficient second- 
ary air to complete vothbustions Impingement of flames on 
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cool surfaces is to be avoided, and irradiation of liquid oil or 
vapor-air mixtures in the primary zone should be prevented (6). 

A vaporizing pot-type burner is now in production which op- 
erates at relatively high vaporizing temperatures. Although 
' the authors have no information regarding the operating char- 
acteristics of this burner, it is plausible that such a burner could 
perform satisfactorily if special care were taken to prevent 
vapor-air mixtures from contacting any coo] surfaces and means 
were provided for very good ‘fuel vapor-air mixing. The time 
factor is very important in regard to carbon and soot formation, 
and it is easily conceivable that slow vaporization at a relatively 
low temperature could result in a greater degree of cracking than 
very rapid vaporization at a temperature several hundred degrees 
higher despite the much greater reaction rate at the higher tem- 
perature. 

A vaporizing burner design in which most of the foregoing diffi- 
culties have been avoided is the wall-flame-type vaporizing burner, 
- shown diagrammatically in Fig. 3. In this burner fuel is thrown 
by centrifugal force against a hot steel or ceramic surface on 
which it vaporizes. Air from a fan mixes with the oil vapors 
and the mixture burns above a series of grilles, or flame retainers, 
placed above and slightly back of the vaporizing surfaces. In- 
asmuch as the quantities of air and fuel can be regulated and the 
distance of the flame retainers from the vaporizing surface can 
be varied (i.e., the mixing time of fuel vapor and air can be ad- 
justed) this type of burner is capable of giving efficient perform- 
ance on various types of fuel (7). Ignition is the operation 
most likely to give difficulties with this type of burner. 


ATOMIZING BURNERS 


The second method of burning fuel oil consists of dispersing 
the oil in fine droplets, admixing these with air, and burning the 
mixture in a suitable combustion chamber. High-pressure 
mechanical atomization, air atomization, and centrifuging from 
a rotating “cup” are the most commonly used methods of dis- 
persing the oil. Burners employing these methods of atomiza- 
tion are illustrated in Figs. 4 to 6. Diverse means are also em- 
ployed to form the mixture of fuel droplets and air. Varying 
degrees of combustion efficiency have been attained, dependent 
primarily on the degree to which good mixing of air and fuel has 
been attained. 

The processes involved in burning fuel oils with this type of 
burner would seem to differ radically from those encountered in 
vaporizing burners. On a macro scale this is true, but from the 
micro viewpoint certain similarities can be ascertained. Each 
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droplet can be regarded as a vaporizing unit. Surrounding each 
drop is a volume of fuel vapor, very rich at the oil surface and 
becoming more dilute as the distance from the center increases. 
At a given radial distance the mixture is sufficiently lean to sup- 
port combustion and there a flame front forms. Fuel vapor 
diffuses into the flame front from one side, air from the other, 
and the process continues until the droplet is consumed. Crack- 
ing and slow oxidation reactions may occur, accordingly, al- 
though the latter are probably of less significance than in vapor- 
izing burners. Fuel properties such as volatility, heats of vapor- 
ization, carbon residue, and limits of inflammability are of less 
significance, it would seem, than in the vaporizing burner. 

The operation of atomizing burners is dependent principally on 
two factors, namely, the degree of atomization and the formation of 
air-fuel mixture. The relation of these factors to the combustion 
processes and fuel properties are discussed at some length. 
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The process of atomization has been studied rather intensively, 
particularly when accomplished by means of pressure. It has 
been shown that the quality of the spray (as judged by the spray 
angle and burning characteristics in a given installation) is 
markedly affected by changes in viscosity of the oil (8). Pre- 
sumably the particle-size distribution is also affected. It seems 
logical to assume that the rate of combustion is proportional to 
the total area of oil exposed, hence is dependent on the particle- 
size distribution. It is well known that the vapor pressure of a 
liquid increases as the diameter of the droplet decreases; as the 
mean diameter decreases, too, the area available for heat trans- 
fer increases, thus increasing the rate of vaporization. These 
factors, namely, the mean particle size, particle-size distribution, 
spray form, and spray angle, govern the volume of space re- 
quired for combustion. Since the droplets are in a high-tem- 
perature zone and are presumably surrounded by an envelope of 
flame in most cases, the heat of vaporization and volatility are 
properties of minor importance. 

In domestic burners, which operate at relatively low combus- 
tion rates, the major problem is to secure an intimate mixture of 
fuel droplets and air. A number of means have been utilized 
to achieve this end, with varying degrees of success. In the 
simplest designed burners no special provision for forming the 
mixture is made, and the burners, consequently, are relatively in- 
efficient. Cones, swirl vanes, disks, and other devices have been 
introduced into the burner tube to direct the air stream and/or 
increase the turbulence of the air flow and thus increase the ef- 
fectiveness of mixing of fuel and air. In other cases the com- 
bustion chamber has been shaped to promote certain flow pat- 
terns in the gases and thus effect better mixing of air and fuel. 
Even with these devices the ideal mixture of air and fuel is proba- 
bly never obtained and satisfactory mixtures but infrequently. 

As in the case of the vaporizing process the liquid fuel and fuel 
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vapor are subjected to high temperatures and relatively intense 
radiation. The cracking reactions discussed in a preceding sec- 
tion occur at an appreciable rate, and since the temperatures are 
quite high carbon may be formed. If sufficient oxygen is present 
this carbon will be consumed; if not, soot and smoke result. Ii 
in addition the fuel spray or flame impinges on the surface of the 


as 


combustion chamber, cooling occurs and smoke and carbon are — 


formed due to retardation of the combustion process. If, in 


addition, some of the fuel remains on the wall in the liquid state / 


it undergoes intense cracking and ultimately builds up cokelike 
deposits. 
may be built up in a relatively short time under these conditions. 
To prevent smoke and carbon formation it has been a practice 


to use an excess of air, but this results in an over-all drop in the | 


efficiency of the burner. 

An ideal atomizing burner, it would seem, would produce a 
mist of oil particles of relatively uniform size, with the spray 
angle and spray distributions to conform with the shape of the 
air-flow pattern. A partial mixing of air and fuel vapor should 
occur before passage into the flame front, which should be stable 
in form and position. Additional air to complete combustion 
should be introduced either by the burner fan or from the sur- 
rounding atmosphere, in the latter case the flame itself drawing 
in the secondary air. Excess air, above -a small proportion 
deemed necessary to insure complete combustion, should be 
avoided. Possibility of impingement on combustion-chamber 
walls or portions of the burner should be eliminated. 


5 CONCLUSIONS 


1 The slow oxidation of the gaseous and lower-boiling liquid 
hydrocarbons has been studied intensively and mechanisms to 
explain the experimental results have been proposed. 

2 Hydrocarbons in the fuel-oil range when admixed with air 
and heated to temperatures lower than the ignition temperature 
undergo oxidation. The mechanisms of oxidation are analogous 
to those postulated for the lighter hydrocarbons. 

3 Hydrocarbon molecules when heated, alone or in the pres- 
ence of air, undergo “‘cracking” reactions, involving scission, iso- 
merization, and polymerization. 

4 The mechanisms of oxidation in the flame are probably 
different from those operative at lower temperatures. Our 


‘present knowledge of reactions occurring in the flame are derived 


largely from spectroscopic studies. 
5 The principles relating to hydrocarbon oxidation are applied 
to the two more common methods of burning distillate fuels, i.e., 


in vaporizing or atomizing burners, and specific recommenda- — 


tions are made with regard to their application in burner design. 
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Discussion 


O. F. Campsetu.* This paper points out the intricate and 
complex combustion problems which should be known by the 
designer of domestic oil-burner equipment. Lewis and von 
_ Elbe’s postulated mechanism of hydrocarbon oxidation by a ma- 
terial chain process throws further light on the complex problem. 
Mr. Reed of Tulsa has indicated that under certain conditions the 
aldehydes are formed in the combustion process and gives a quick 
method of aldehyde detection. 

However, regardless of theories, we must face the facts that 
some domestic fuels burn better than others in the same burner, 
and oils that burn equally well in the same burner do not burn 
the same in burners of different types. These facts are easily 
understood when one considers the various sources and grades of 
crude, the different oil-manufacturing processes for producing 
domestic fuels, and the different types of oil burners available 
on the market or in use. 

In regard to the different burning characteristics of different 
fuel oils, a simple illustration should suffice. An oil molecule 
can be compared with a stick of wood with shavings attached. 
The carbon content of the oil molecule may be considered the 
main part of the stick and the hydrogen content may be con- 
sidered the shavings. If the shavings are uniformly spaced and 
ignited, the stick will burn up completely at a uniform rate with- 
out leaving any unburned stick or carbon deposits. If the shav- 
ings are of the same number but not uniformly spaced, the stick 
will not burn uniformly and carbon deposits are likely. If the 
shavings are fewer in number and not uniformly spaced, poor 
burning and carbon deposits are assured. 

With numerous types of oil burners, it can be seen readily that 
the mixing of air and fuel cannot be identical and, in most cases, 
it is poor. It is the writer’s opinion that any fuel can be burned 
satisfactorily if there is a high enough temperature, enough time 
for combustion, and an adequate air-fuel mixture exists. Nor- 
mally, there is enough time and temperature, but it is the rare 
occasion when adequate mixing occurs. 


R. N. Sr. Jon. The authors mention several shortcom- 
ings of vaporizing-type burners which are obviously more pro- 
nounced when cracked oils are used in place of straight run oils 
for which most existing pot-type burners were designed. 

An oil-burner installation is considered by the writer to be 
made up of several essential elements including the following: 


1 Fuel-control mechanism. 

2 Burner. 

3 Combustion chambér and heat-recovery surfaces. 

4 Blower or chimney or other provision for securing proper 


burner draft and disposing of flue gases. 


Should any of these elements prove inadequate in design or 
performance, the over-all effectiveness of the installation must 
suffer. 

Improvements in design and performance of vaporizing-type 
burners may have been retarded by our self-imposed restric- 
tions calling for the following qualities or characteristics: 


1 Extreme simplicity of construction and operation. 

2 Dependence upon natural draft as produced by short 
chimneys in small homes where electric power is not available. 

3 Maximum heat output from small compact burners and 
heat-recovery surfaces which are designed for minimum use of 


4 Combustion Engineer, Sinclair Refining Company, East Chicago, 
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composition of the fuel is especially important. 
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space in the home, and ease of cleanout in cases of deficient draft. 

Even with these restrictions much progress has been made and 
complete packaged heating units have shown over-all efficiencies 
which compare favorably with those obtainable with other types 
of burners. x 

Even at low firing rates, over-all efficiencies do not drop as 
rapidly as might be expected. The flue-gas temperatures and re- 
sulting flue-gas losses are sharply reduced at the lower firing 
rates, and, as chimneys cool off, the effective draft is also re- 
duced so that over-all efficiencies at low fire are often within 5 to 
7 per cent of high fire efficiencies. These, in turn, are often 
limited more by lack of heat-recovery surface than by actual 
burner-performance limitations. 

Soot and petroleum coke form in most pot-type burners dur- 
ing the first few hours or days of operation, but the rate of ‘such 
residue formation drops off rapidly with continued use. With 
proper draft there generally is some firing rate at which accu- 
mulated carbon or coke deposits ignite and burn out more or 
less completely at sufficiently short intervals to permit extended 
use of the burner without manual cleanout service. 

A definite trend toward the production of cracked fuel oils in 
recent months has resulted in much active research and experi- 
mental work on the part of manufacturers of oil burners of the 
vaporizing type, and with the help of the petroleum industry 
we believe that definite improvements in the design and per- 
formance of such burners should be forthcoming in the not too 
distant future. 


J. C. Retp.6 In general, the background of hydrocarbon 
oxidation has been well presented considering the necessarily 
limited length of the paper. Extension of our present knowledge 
in this direction should prove helpful in expanding the funda- 
mental treatment of combustion properties. However, the cor- 
relation of these reactions with burner performance and design 
is far from being established at the present time, and it would 
appear that several intermediate steps are needed before such 
correlation can be made effectively. Solution of these steps, 
mechanical and physical problems, as recognized in this paper, 
would result in gratifying improvements in burner performance 
without the necessity of detailed knowledge of specific oxidation 
reactions. 

The effect of the fuel-air ratio, intimacy of mixing, etc., should 
be emphasized strongly in relation to the type of flame. Opti- 
mum operating conditions should give substantially the same 
flame regardless of the chemical nature of the fuel. 

The ‘‘competing reactions” cited conceivably can take place 
in the vapor as well as in the Jiquid phase. Speedy vaporization 
in itself, therefore, will not completely overcome the difficulties 


engendered by these reactions. 


The chemical nature of the fuel will also influence the design 
of an ideal burner, although any installation which accomplishes 
the aims stated, more or less automatically would take care of 
fuel variations. 

In discussing vaporizing burners, it is believed that the chemical 
It would also 
appear that in any explanation of the low efficiency of these 
burners, the means of mixing fuel and air are intimately related to 
the regulation of air flow. The points affecting design are well 
taken. The fuel will define temperature limitations to some ex- 
tent and thus will be a factor in design. 

Atomizing burners are less sensitive to these factors. How- 
ever, the same reasoning applies. The difference lies in the 
mechanics of the solution of the problems involved. It should be’ 
borne in mind that large excesses of air can cause cooling of the 
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flame and thus cause carbon and soot troubles. Secondary air 
is important and better mixing of this air in the combustion 
process should be sought in improving burner design. 

As developed in this paper, it would seem that “cracking” 
reactions, at the present state of our knowledge, are extremely 
important factors in burnerdesign. “In this connection it may be 
reiterated that understanding of oxidation reactions needs con- 
siderable expansion to be of real assistance. Such understand- 
ing must be accompanied by increased knowledge of the inter- 
relation of oxidation and pyrolysis as encountered in installations 
fer burning fuel oils. The recognition of some of these points 
as presented in the paper under discussion should aid in improving 
design and accomplishing many of the ultimate aims without 
awaiting the detailed theoretical study of specific flame reactions. 


Auruors’ CLOSURE 


The comments of OQ. F. Campbell with regard to differences in 
performance of the same fuel in different burners, or of different 
fuels in the same burner, indicate complexity of the problem from 
the practical point of view. The writer feels that the figure of the 
stick of wood with shavings attached somewhat over-simplifies 
the problem, however. To extend the figure one step further, the 
ease with which the wood is ignited and burned depends not only 
on the arrangement and spacing of the shavings, but also on the 
type of wood of which the stick is composed, i-e., whether hard- 
wood or softwood. Likewise, the arrangement of the carbon 
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atoms in the molecule is of as much significance as the spatial 
relations of the carbon and hydrogen atoms in the combustion 
characteristics of a fuel. am 

R. N. St. John has presented a very concise analysis of the | 
component parts of the oil-burner mechanisms and of the restric- 
tions imposed upon manufacturers of vaporizing-type burners in 
the improvement in design and performance of this type of 
burner. It is recognized that these burners, within the delineated 
limitations perform relatively satisfactorily for any given type of 
fuel oil. On the other hand, this type of burner is relatively in- 
flexible in situations wherein the ratio of straight run to cracked 
components in the fuel fluctuates from time to time. It is en- 
couraging to note that research programs have been initiated 
to overcome the poorer performance of this type burner with 
cracked fuels; it should be noted, however, that some of the self- 
imposed limitations*which the vaporizing-type-burner manu- 
facturers have set up may have to be modified or abandoned if 
a satisfactory solution of the problem of flexibility is to be at- 
tained. 

The emphasis placed on ‘‘competing reactions” by J. C. Reid 
is shared by the authors. More information regarding ‘“‘crack- 
ing’’ reactions, both in the liquid and the vapor phase, is highly 
desirable. Particularly needed are data on the “cracking” of 
hydrocarbons in the presence of oxygen or air. It is to be hoped 
that a paper dealing with the relation of these reactions to oil- 
burner design and operation can be presented in the near future. 


* suspension. 


Furnaces for By-Product Fuels 


By OTTO pve LORENZI,! NEW YORK, N. Y. 


Present-day costs of standard fuels such as coal, oil, and 
gas have advanced to a high level and concepts must now 
be revised regarding so-called refuse fuels. Their value as 
low-cost substitute fuels, for steam generation, will de- 
pend largely upon the manner in which they are prepared, 
and upon the use of suitable furnace designs. A number 
of furnace designs have been developed to handle by- 
product fuels from oil-refinery operations, and the manu- 
facture of steel, coke, lumber, pulp, and sugar. Others are 
still in various experimental stages and many improve- 
ments in methods of drying, feeding, and burning fuels 
will be presently available. The characteristics of several 
of these fuels are discussed, and actual furnace designs 
illustrate the manner in which they are fired to provide 
process steam and save fuel dollars. 


which constitute some of the by-products of various 

manufacturing processes. Their value as low-cost sub- 
stitute fuels, for steam generation, will depend largely upon the 
manner in which they are prepared and on the use of suitable 
furnace designs. Perhaps the most widely available of these 
fuels result from oil-refinery operation and the manufacture of 
steel, coke, lumber, pulp, and sugar. Of course there are many 
others but their availability is so limited that no attempt will be 
made to discuss them at this time: Typical analyses for some of 
these fuels are shown in Table 1. 


BB wii. oonee fuels may be classified broadly as those 


TABLE 1 


still gas-are names applied to some of the gaseous by-products. 

Asphaltic Pitch. When the distillation of oil is stopped some- 
what early, there remains a residue which is solid at room tem- 
perature, but fluid at still temperature. This residue is asphaltic 
pitch, with a melting point of about 125 F, and it is usually 
pumped direct from process to burner at a temperature of 300 F 
to 600 F. Under these temperature conditions it is a fluid which 
is readily atomized, and which can be burned without difficulty. 
Its properties are somewhat similar to the heavier grades of 
bunker C oil and therefore furnace-design limitations are prac- 
tically the same. 

Petroleum Coke. Petroleum coke is the solid residue remain- 
ing after cracking or carrying the distillation of crude oil suffi- 
ciently far. Its characteristics depend upon the process used. 
Volatile-matter content varies from 4 to 12 per cent, and the sul- 
phur and ash also vary widely. Ash-fusion temperature may 
be as low as 2000 F. Grindability ranges from that of extremely 
hard and abrasive coke, similar to metallurgical coke, down to 
one that can be easily pulverized with low power consumption 
and low mill maintenance. This pulverized fuel is readily burned 
in water-cooled furnaces, provided moderate heat-liberation rates, 
between 15,000 and 22,000 Btu per cu ft per hr, are used. 

Acid Sludge. The characteristics of a sludge are governed 
by those of the crude oil used, and the manner in which it is proc- 
essed. Much of the suspended solids may be carbonaceous, in 
the form of small particles of petroleum coke. Continuous agi- 
tation and recirculation at velocities high enough to prevent 
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Oi. REFINERY By-PropuctT FUELS 


By-products from oil-refinery operations consist of a wide 
variety of refuse fuels. There are solids, such as asphaltic pitch 
and petroleum coke. The liquids or sludges are often of high 
specific gravity and contain variable amounts of solid matter in 
Refinery gas, blended refinery gas, yard gas, and 
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Inc. Fellow ASME. 

Contributed by the Fuels Division and presented at the Annual 
Meeting, Atlantic City, N. J., December 1-5, 1947, of Tos AMERICAN 
Society or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 47—A-22. 


settling out are necessary to avoid plugging of fuel lines. 

Perhaps the most widely available and yet most troublesome, 
because of its frequently varying characteristics, is acid sludge. 
Its gravity may range between 5 and 14 API, and its viscosity is 
indeterminate. It contains varying quantities of weak sul- 
phuric acid which may reach as high as 40 per cent and this, to- 
gether with the suspended carbonaceous material and flux, which 
must be added in variable-amounts to make the sludge flow, 
causes the heating value to vary between 8000 and 17,500 Btu . 
per Ib. Due to the suspended solid matter, it is necessary to use 
relatively large orifices in the atomizer. As a result, atomization 
is coarse, and ignition is not always stable. Refinery practice is 
to burn the sludge as a supplementary fuel to gas or oil. Each 
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steam-generating unit is provided with several combination-type 
burners, some of which operate, with gas or oil, to maintain igni- 
tion and reasonable capacity during periods when sludge supply: 
is of erratic quality. The products of combustion, resulting from 
acid-sludge burning, carry a large quantity of water vapor. Gas 
temperature, at the outlet of heat-recovery equipment, must be 
well above the dew point if moisture deposit and resulting corro- 
sion of the metallic surface is to be avoided. Maximum furnace- 
liberation rate should not exceed 25,000 to 30,000 Btu per cu ft 
per hr. 

Refinery Gas. The heating value of refinery gas is higher than 
that of natural gas, owing to the larger percentage of heavier 
hydrocarbons present. Its composition is variable as a result of 
differences in the characteristics of the oil refined and the extent 
of cracking to which the oil has been subjected in order to extract 
gasoline. There are also present some illuminants, or unsatu- 
rated hydrocarbons from the cracking operations. 

For use in steam-generating units, the gas from several types of 
operations is mixed, or blended. The characteristic flame from 
this blended gas, except for a distinct, clear, blue zone in the area 
of the burner throat, is colorless and extremely short. At times, 
however, the gas may be wet and contain some of the lighter 
phases of gasoline in the forms of mist or vapor; when present 
these burn with small, intermittent, white, flashing flames. 
These gasolines are undesirable because of their comparatively 
slow-burning characteristics, which result in continuous or sec- 
ondary combustion that may extend through a large portion of 
the boiler. As a result, efficiency is lowered because of increased 
losses resulting from higher boiler-exit temperature; and in- 
creased maintenance follows, because baffle and superheater 
supports are subjected to abnormally high temperature. 

Burners for refinery gas are similar to those used for natural- 
gas firing, and are also arranged for using auxiliary liquid fuels. 
The gas ring or tube should be readily replaceable as there may 
be a tendency for orifice plugging from carbon accumulations 
when burning contaminated or wet gas. 

Furnace-design limitations are the same as those for natural- 
gas firing. Fully water-cooled walls may be employed and 
maximum continuous heat-liberation rate should not exceed 
20,000 to 30,000 Btu per cu ft per hr. 

The steam-generating unit shown in Fig. 1 is one of several 
installed for a large eastern oil refinery. It is designed for a con- 
tinuous capacity of 125,000 lb of steam per hr at 800 psi and 750 
F, with initial operation at 450 psi. The fuels are bunker C oil, 
refinery gas, soda tar, and acid sludge, with provision for future 
pulverized-coal firing. Four horizontal turbulent-type burners, 
arranged to handle any of the fuels, are used. The units are 
often operated by burning three of these fuels simultaneously. 
The most frequently used combination is oil, soda tar, and re- 
finery gas. 

The units have regenerative-type air heaters. The furnaces 
are water-cooled and designed for a continuous heat-liberation 
rate of 25,000 Btu per hr with oil at a corresponding efficiency of 
84.3 per cent. With soda tar, the efficiency is 85.6 per cent, and 
with acid sludge 84.8 per cent. 


Sree, Miut By-Propucr Furs 


The two principal by-product fuels from steel-mill operation 
are blast-furnace gas and coke breeze. — 

Blast-Furnace Gas. Blast-furnace gas results from the various 
. reactions occurring in the different zones of the blast furnace. 
It contains relatively high percentages of carbon monoxide along 
with carbon dioxide, nitrogen, and water vapor. It is a lean gas, 
having a heating value which varies between 90 and 110 Btu per 
cu ft and is dependent upon the quality of coke used, the speed 
of combustion, the ore treated, and many other factors. As this 
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Fig. 1 One or SeveRAL STEAM-GENERATING UNITS, INSTALLED 
ror A LARGE Eastern Ort ReFINERY, DESIGNED TO BuRN ReE- 
FINERY-REFUSE FUELS AND PULVERIZED CoAL 
(Capacity: 125,000 lb steam per hr at 800 psi and 750 F.) 


gas leaves the top of the blast furnace it is hot and contains con- 
siderable dust having a high iron-oxide content. Much of the 
dust is removed and then sintered for return to the blast furnace 
as a part of the ore charge. 

The extent to which blast-furnace gas should be cleaned, for 
use as a boiler fuel, can only be determined after a careful eco- 
nomic analysis, for each installation, of the many factors in- 
volved. The decision whether to burn a dirty, partially cleaned, 
or a clean gas will have considerable influence on the selection of 
burners and type of furnace to be employed. The use of hot, 
dirty gas is feasible even in all-refractory boiler furnaces. On 
the other hand, in many instances it has been found profitable 
to clean the gas thoroughly, because furnace outage for cleaning 
and refractory maintenance are reduced to a minimum. 

Blast-furnace gas is slow to ignite as it contains a high percent- 
age of noncombustible gas. Therefore it is important that the 
burners produce rapid and intimate mixing of this lean gas with 
the optimum amount of air to assure complete combustion, and 
at the same time maintain stabilized ignition. Preheating the 
combustion air will serve to accelerate ignition, and permit the 
use of completely water-cooled furnace walls with either washed 
or unwashed gas. The furnace hearth should be shaded by a 
water-screen so that any accumulation of dust in that area will 
not be sintered and thus become difficult to remove. Maximum 
continuous heat-liberation rates should not exceed 20,000 to 
23,000 Btu per cu ft per hr. 

One of four large tangentially fired units installed in a Mid- 
western steel mill is shown in Fig. 2. The burners located in the 


corners of a completely water-cooled furnace, are arranged for ° 


blast-furnace gas, and coke-oven-gas firing. Each burner bank 
is composed of five fuel nozzles, two for blast-furnace gas, two 
for coke-oven gas, and one for a pilot light. The maximum con- 
tinuous capacity, when burning blast-furnace gas only, is 200,000 
lb steam per hr at 325 psi and 700 F, at a corresponding heat- 
liberation rate of 23,000 Btu per cu ft, and an efficiency of 79.4 
per cent. Combustion air is supplied to the burners at room 
temperature and, even though the furnace is fully water-cooled, 
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the use of tangential firmg assures prompt ignition with rapid 
and complete combustion when using primary washed go. 
The use of a two-drum integral economizer serves to reduce the 
exit-gas temperature to 500 F, which, together with the low ex 
cess-air requirements, makes possible the high efficiency reported. 

Coke Breeze. In the manufacture of metallurgical and do- 
mestic coke there is always some coke too small even for doxnestie 
heating. This by-product is generally known 23 “coke breeze.” 
There is as yet no accepted standard for the sizing of breeze, 
even in those plants where it s produced. For that reason, no 
fixed design of furnace has been developed for burning this fuel 
Furthermore, it is most difficult to ignite because it has 2 spomge- 


like structure and a volatile-matter content which lies im the low 
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fuel is */y in. to 1 in,, the front-arch design ia chosen because it 
has a heat-stabilizing effect on ignition of the fuel, If the maxi- 
mum sizing of breeze is '/) in, to 8/s in,, the reararch design is 
employed, Minimum sising, or undersi#e, of breese is also of 
considerable importance because of its effect on carbon loss in ash 
pit and fly ash, Coke breese is much lighter than ooal and the 
fine particles lifted from a fuel bed are easily carried out of the 
furnace with the gas, Tt can be said, in general, that best results 
are obtained with coke breese if it is soreened to pass through a 
‘yin, or §/e-in, round-hole sereen, and contains not less than 20 
per cent or not more than 30 per cent undersise of */s in, or smaller. 

Frequently, steam-gonerating units whose principal fuel is 
coke breeze are also arranged for supplementary firing of either 
blast-furnace gas or coke-oven gas. A successfully operating 
unit of this type is shown in Mig. 8. A maximum capacity of 
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45,000 Ib of steam per hr at 415 psi and 650 F is developed with 
either coke breeze or coke-oven gas. At this capacity, the heat- 
hberation rate in the secondary furnace for gas firing is 25,000 
Btu per cu ft. The stoker area was selected for the conservative 
burning rate of 30 Ib of breeze per sq ft per hr. The rear arch 
and the front wall of the secondary combustion chamber are 
water-cooled. Clinker chills are provided along the side walls 
st the stoker grate line. 


By-Propvcr Furus From Lumper Manuracrurs 


In the vast ferest-covered areas of our Northwest are located 
msjority of the lumber industries’ largest sawmills. They 
rovide large quantities of wood waste for steam-generating pur 
ses. Some of this wood is burned at the mill to supply needed 
ower, while much of the remainder is sold for use in utility and 
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industrial power plants, located within economical shipping dis- 
tance, to replace more costly coal or oil. 

Hog Fuel. In the manufacture of lumber, the amount of — 
material removed from the log to produce sound lumber is | 
approximately as follows: 18 per cent in the form of slabs, edg~ . 
ing, and trimming; 10 per cent as bark; and 20 per cent as saw-_ 
dust and shavings. While the total waste material will usually” 
average afound 50 per cent, distribution of different types of 
waste may vary widely from the approximation given. The - 
mills frequently use the sawdust, or a mixture of sawdust and - 
shavings, for steam-production purposes because they can be ; 
burned without further processing. The remainder of these so- ) 
called waste products require size reduction in a hog to facilitate — 
feeding, rapid combustion, transportation, and storage. These - 
newly sized products, together with varying percentages of saw- 
dust and shavings, constitute “hog fuel.” The moisture content 
of this fuel may vary from approximately 40 to 55 per cent. In 
addition, it may range from salt-water hemlock to fresh-water 
fir, These factors of moisture, wood species, and whether fresh- 
or salt-water-borne logs were used, are of considerable impor- — 
tance in providing adequate and suitable furnace designs. 

Hog fuel is bulky and the basis for purchase and sale is volume ) 
rather than weight. ‘The accepted standard is the “unit,” equiva- 
lent to 200 cu ft of hog fuel as measured in the containing vehicle — 
of transportation, without packing. The weight of a unit will — 
vary from 1700 Ib to 2300 Ib of dry wood, depending upon the — 
species, the moisture content, and the amount of shavings and 
sawdust present in the mixture. ; 

The process of combustion with hog fuel, because of high mois- _. 
ture and volatile-matitter content, consists in three consecutive 
and somewhat overlapping stages, i.e., preliminary drying or | 
evaporation of the moisiure, distillation and burning of the vola- 
tile matter, and burning of residual fixed carbon. ~ 

The design of a suitable furnace for hog-fuel firing must take 
into consideration the manner in which the combustion process is 
earried on, and at the same time make due allowance for possible ‘ 
wide variation in wood species, size, and moisture content. 

A two-stage furnace, comprising a Dutch oven for the drying _ 
and gasification of the fuel, and a secondary furnace in which — 
combustion of the gaseous products is completed, provides a 
relatively simple yet effective arrangement. 

Hog-fuel firing is a matter of surface combustion, and the use 
of refractory arches and walls in the primary or Dutch oven 
furnace is therefore of considerable importance. Their func- 
tion is to provide the maximum amount of radiant heat for main- 
taining gasification and preventing the fire from becoming ex- 
tinguished, even though the overfeed principle of continually 
supplying fresh fuel to the surface of the incandescent cone- 
shaped pile is used. 

The arch location, with reference to the fuel pile, governs 
responsiveness to load variations. Its contour, with drop-nose 
at primary-furnace outlet, provides a sloping surface from which 
the maximum amount of heat is radiated onto the fuel pile, and 
at the same time forms a shield against the cooling effect of the 
boiler heat-absorbing surfaces. . 

The fuel is supplied to the furnace through openings in the 
arch. It has been established that a grate 9 ft square approaches 
the economical limit which can be supplied adequately with fuel 
from one feed opening. This factor, together with the known 
slope of the pile and the desired clearance between arch and apex 
of the fuel cone, makes it possible to determine the required 
height of arch above the grate. Individual Dutch ovens of this 
type are known as cells, and a steam-generating unit is provided 
with as many cells, all discharging their products of combustion 
into a common secondary furnace, as may be needed to develop 
required capacity, These individual cells provide better control of 
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| combustion conditions and also permit periodic cleaning without 


"are usually about 8 ft wide and up to 24 fé long. 


H shutting down the unit. A typical hog-wood cell of the type 


described is shown in Fig. 4. 

The amount of hog fuel which may be burned in such a cell 
will vary from 1.5 to 3 units, depending upon wood species, 
whether it originated from salt- or fresh-water logs, the size of 


| the fuel, as well as the consist of the wood mixture. These data 


are based upon forced-draft operation with air at room tempera- 
ture. Operation can be maintained with 30 to 40 per cent excess 
air. . 

A number of installations have been made in which two or 


these the fuel pile consists of a number of overlapping cones, 
corresponding to the number of feed openings. Individual cells 
With this ar- 

rangement it is possible to provide greater wood-burning ca- 
pacity per foot of furnace width, even though operation is not 


} quite as satisfactory as with the smaller cells using only one feed 


opening. 
A unit equipped with a tandem furnace, designed to burn red- 


| wood refuse having a moisture content of 50 to 55 per cent, is 
| shownin Fig. 5. Three cells, each having two fuel-feed openings 


for a grate 6 ft 8 in. wide X 18 ft long, are used. Capacity-is 
100,000 lb steam per hr at 250 psi and 735 F. Burners for auxil- 
iary oil firing are installed in the water-cooled secondary furnace, 
for use when no hog wood is available. 


Paper Mitt By-Proptuct FUELs 
The fuels, which constitute some of the by-products in the 
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manufacture of pulp, fall into two classifications: wotd-room 
refuse in the form of wet berk, eulled wood, sawdust, ground 
wood screen tailings, and butt ends; and spent a2lkaline liquors 
from the chemical processes of digestion. 

Wa-Wood Refuse. The most important woodroom refuse, 
and perhaps the most uncertain 2s to quantity, is wet bark. Az 
received from the barking drums it may eontein D) per cont or 
more moisture. In this condition f is of no value 22 a fuel be 
cause its as-fired heating value is approximately 170) Psu per 
Ib, and for every pound of dry substance there are 4 Ib of water 
which must be evaporated before any heat is evzileble for steara 
production. If useful heat is to be realized, some preliminary 
dewatering must be resorted to. Pressing may be used to reduce 
economically the moisture content to ehout 65 per cent. The 
pressed bark can then be mixed with the other wood-room refuse 
and burned without further preparation. However, hogging be 
fore burning makes possible more uniform feeding and also esm- 
tributes to improvements m the combustion process. 

External bark driers offer 2 means for utilizing heat im the fie 
gas to effect some additional moisture removal following press- 
ing. 

The use of preheated air for corfbustion provides 2 means for 
securing additional drying effect in the fuel bed- 

In the use of any type of drying equipment the removal of 
moisture from the waste fuel represents 2 gain im heating walue, 
and therefore a direct saving in the use of purchased fuel o 
power. Likewise, an air-heater installation represents an addi 
tional reduction in purchased-fuel requirements. Comparative 
evaluation can be made by balancing the fuel saving agzinet 
fixed charges and operating cosis of the drier amd am heater, 
respectively, to determine if the installation of one or both types 
of equipment can be justified economically. 

In the design of furnaces for mixtures of wet bark and wood, a 
hourly disposal rate of 20 to 35 Ib of dry solids per sy ft of grate is 
possible with moisture content of 65 to 70 per cent, provided 
auxiliary fuel is burned. For 2 moisture content of 3 to @ per 
cent, an hourly disposal rate of 35 to 30 Ib per sg ft of osie 
possible without use of auxiliary fuel, and these rates may be me 
creased somewhat through the use of prehested zir or the devel 
opment of improved furnace designs. 

The most widely used furnaces for burning this wet-wood 
refuse are of the flat-erate Dutchoven type with either smgie- 
or multiple-feed openings similar to those Mlustraied m Figs. 42nd 
5. Auxiliary grates, oil burners, or pulverwed-fuel frig ae 
frequently used to provide edditionel heat for disposing of the 
wood waste, and to generate simuliancously, or during periods 
of low wood supply, such steam 2s may be required to mest . 
demands on the unit. ‘ 

A steam-generating unit, designed to burm = mixture of pressed 
bark, sawdust, shavings, and butt ends, and equipped for supple- 
mentary pulverized-coal fring is shown im Fig. 6. The wood 
burning furnace consists of 2 two-cell Dutch oven with drop nose 
arch and flat grates each 5 fi wide “X 12fi lone §=The products of 
combustion are discharged from this primery fmuece ime 2a 
upper, water-cooled, secondary furnace im which pulvered eval 
may be burned, efther simuliencously with the wood, or spe 
tately if no wood fuel is available. The wood refuse hes am aver- 
age moisture content of 60 per cent, and with this fuel eontimaous 
capacities of 55,000 Tb of steam per hr and l5mim peek capacity 
of 85,000 Ib per hr have been carried without difficulty. Tis 
unit has been free from sleg deposits even though easel and wood 
are frequently burned simuliencously. Complete water-<ooimg 
of the secondary furnace side and rear walls thus provides 
trouble-free operation and an almost fotel sisence of mainte 
nanee charges. 


Another type of furnace which is used to burm mixtures of wet 
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Fic. 6 StseamM-Generatinc Unit ror ComMBINATION FrRING oF 
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bark and wood refuse is shown in Fig. 7. With this design a 
sloping grate is used and the fuel enters the furnace at the front 
‘and over its full width. The fuel-supporting surfaces are divided 
into three sections. The upper front section forms the prelimi- 
nary drying zone, and consists of a refractory hearth having a 
slope of approximately 50 deg. The midsection consists of 
stationary grates set at a slope of 45 deg and is provided with 
horizontal air-admitting opening. The grates of the lower section 
are set slightly less than 45 deg and have fuel pushers which may 
be operated as required. Horizontal dump grates extend from 
the end of the grate to the bridge wall. Progressive feeding of 
the fuel from entrance to dump is secured through the variation 
in grate slope. For large units these furnaces are sectionalized in 
the same manner as the flat-grate type. The Dutch oven uses 
a flat arch, and the opening into the secondary furnace is screened 
by an arrangement of cooling tubes. In the lower portion of 
this opening the tubes are wide spread, while in the upper por- 
tion they are finned to present a barrier to gas flow and thereby 
cause it to sweep over the lower end of the fuel bed. Oil burners 
for supplementary firing are located in the roof of the water- 
cooled secondary furnace. 

Spent Alkaline Liquors. When pulp, for the papermaker, is 
manufactured by the chemical processes of soda and sulphate, 
caustic soda is employed as the active chemical to separate the 
cellulose fiber, by dissolving the other wood substances. These 
dissolved wood substances are carbonaceous matter which is 
then burned in smelting furnaces to recover the chemical and 
use available excess heat to generate steam. 

Alkaline pulp-mill operators call all chemical solutions liquors. 
Thus from their characteristic colors come the terms “black” 
liquor, the solution after the diffuser and up to the recovery unit; 
“green” liquor, the solution in the dissolving tank; and ‘‘white” 
liquor, the causticized green liquor which forms the entire cook- 
ing liquid for the digesters. . 

The black liquor as it is washed from the pulp and discharged - 
to the weak-liquor tanks contains from 12 to 20 per cent dis- 
solved solids. After passing through multiple-effect evaporators 
its solids content is raised to 45 to 55 per cent. Additional evapo- 
ration is next carried out in the recovery unit, after which the 
-liquor is mixed with salt cake and then pumped to the recovery 
furnace where the remaining water is evaporated, the organic 
matter burned, and the inorganic chemicals recovered. 

The amount of dry solids per ton of pulp may be as low as 
2000 Ib for kraft stock and as high as 3400 lb for bleached sul- 
phate. The calorific value of black liquor varies from 5200 Btu 
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per lb for soda liquors, up to 7000 Btu per Ib for rich kraft liquors. 
With this range in weight and heating value, the approximate 
amount of steam produced will usually vary from 2400 to 3300 
Ib per 1000 Ib of dry solids depending upon the design of the unit, 
and heat requirements for evaporation and chemical conversion. 

The principal function of the recovery unit is to recover the 
chemical contained in the black liquor, and to reduce the salt 
cake to sodium sulphide. Carbon and organic matter are burned 
out of the black ash, and the resulting heat is used to smelt the 
chemical, and also to generate steam. . The smelt runs continu- 
ously from the furnace over water-cooled smelt spouts into the 
main dissolving tank to form the green liquor. 

The combustion process in units of this type is a critical low- 
temperature operation. The sodium salts in the liquor and smelt 
have a low temperature of vaporization and as a result some of 
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these are carried out of the furnace, as a gas, with the products of 
combustion. The temperature of the gas is decreased in passing 
through the boiler, and some of the soda is condensed and de- 
posited on its relatively cold surface. The recovery of this soda 
is an important operation, as it must all be returned to the hearth. 

In Fig. 8 is shown a completely integrated chemical-recovery 
unit comprising furnace, boiler, superheater, soot blowers, 
evaporator, salt-cake feeding and mixing equipment, fans, air- 
and gas-duct systems, dissolving tanks, liquor pumps, controls, 
and instruments. 

The completely water-cooled furnace in the design illustrated 
extends from the hearth to the upper small boiler drum. The 
hearth is of chrome-refractory construction, 

The lower portion of the furnace is divided into three over- 
lapping zones between which there are no distinct lines of de- 
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‘marcation. Immediately above the hearth a reducing atmos- 
phere is maintained to burn the organic residue out of the black 
ash, and to secure maximum conversion of chemical into smelt. 
The intermediate zone is one in which a major portion of the 
moisture is evaporated from the black liquor as it emerges from 
the oscillating spray heads into the furnace. The heat for the 
evaporation process is obtained from burning some of the organic 
compounds out of the sprayed liquor in the upper furnace zone, 
and also from completing the combustion of gas leaving the re- 
ducing zone. 

Gas from the last boiler pass is discharged into a cascade evapo- 
rator where the densities of the black liquor are raised from 45 
to 55 per cent solids up to 65 to 70 per cent for the furnace 
sprays. 

Although one of the principal parts of a recovery unit is the 
boiler section, and its general appearance follows that of standard 
steam-generating equipment, its distinctive function. places this 
heat-absorbing surface in a different category. The recovery of 
chemicals is the primary object, while resulting steam generation 
is of secondary importance. For this reason, the design shown is 
a carefully balanced combination of chemical-process require- 
ments.and modern steam-generating practice to effect maximum 
chemical reduction and recovery, along with highest possible 
steam production. 


By-Propuct FuEeL From SuGcar MANUFACTURE 


Bagasse, or cane trash, is the refuse remaining after the juice is 
extracted from the sugar cane. It is a fibrous material, similar 
in analysis to wood, and contains from 40 to 60 per cent moisture. 
Ash content varies over a wide range depending upon the areas 
in which the cane is grown and on the different amounts of silt 
picked up by the method of harvesting employed. 

Steam requirements of mills producing raw sugar are easily 
supplied through the bagasse they turn out. Sufficient bagasse 
usually remains from the crop for starting the mill at the be- 
ginning of the next season, even though the steam-generating 
unit is of the simplest sort. 

Mills which operate white-sugar refineries are required to 
supplement the bagasse supply with other fuels. In these in- 
stances the steam-generating units may include, economizers 
and/or air heaters so as to minimize the cost of purchased fuel. 

Bagasse. Bagasse is burned somewhat like hog fuel in Dutch- 
oven-type furnaces on horseshoe-shaped hearths, or on inclined 
grates. The ash, which consists mostly of fine silt, is very fusible 
and produces a slag that is difficult to remove. ‘These slag ac- 
cumulations require periodic removal and because of this the 
cell type of construction is used so that the steam-generating 
unit may be continued on the line during cleaning periods. 

The most widely used furnace is the Cook, or horseshoe type 
illustrated in Fig. 9. It consists essentially of a refractory Dutch 
oven, usually in the form of a horseshoe, provided with several 
rows of air-admitting tuyéres located around the curved portion 
of the wall. The horseshoe shape was adopted because of the 
ease with which it is possible to distribute the fuel over the entire 
hearth, from a single fuel-feed opening in the arch, and also be- 
cause of the absence of corners that are difficult to clean. The 
width of hearth may be varied from 4 ft to 5 ft 6 in., and the front- 
to-rear depth from 6 ft to 7 ft. The number of horseshoe fur- 
naces used for a given boiler is determined by the furnace width 
available, as well as by the capacity to be developed. 

Air for combustion supplied by a forced-draft fan, is admitted 
to the furnace through the tuyéres which cause it to sweep over 
the surface of the fuel pile. The maximum rate at which bagasse 
can be burned on a hearth arrangement, as described, is approxi- 
mately 350 lb of dry substance per sq ft per hr, but the most eco- 
nomical rate, however, is from 200 to 225 lb per hr. 
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FURNACE FOR BAGASSE FIRING , 
(Tubular air heater used with this installation.) 


Some installations are equipped with auxiliary oil burners in 
the secondary combustion chamber. These may be used to as- 
sist in starting at the beginning of the season or to provide steam 
during periods when bagasse is not available. It is good operat- 
ing practice to avoid burning auxiliary fuel simultaneously with 
bagasse, in the same unit. 

Some sugar-producing areas use the sloping grate in almost 
exclusive preference to the horseshoe type. This choice is dic- 
tated in practically all instances by the ash and silt content of 
the bagasse. Designs of this type are similar to those for wet 
wood and employ multiple-cell construction. 


CONCLUSION 


Present-day costs of standard fuels, such as coal, oil, and gas, 
have advanced to a high level, and we must now revise some of 
our concepts regarding so-called refuse fuels. 

To-day it is frequently economical to process some of the in- 
dustrial by-products which were formerly considered as neces- 


‘sary waste, and use them to supplement and even replace stand- 


ard fuels. How well the combustion engineer is meeting this 
challenge is shown by the many special furnace designs which 
already have been developed. Others are still in various experi- 
mental stages so that we can look forward to many improvements 
in methods for drying, feeding, and burning by-product fuels. 


Discussion 


H. C. Carroui.? To what extent can some of the by-products 
mentioned in the paper be used in standard furnaces designed 
primarily for burning solid fuel? 

- During the coal strike in the spring of 1947, coke breeze was 
used successfully by the writer in several overthrow-stoker 
installations furnishing up to 60 per cent of the total fuel burned 
on the units, when properly mixed with fast-dwindling coal 
storage piles. This was accomplished without reducing the 
capacity of the steam outputs of the units but did increase the 
carbon content in the ash, somewhat affecting the efficiency. 

This was accomplished in one plant on a 100,000-lb unit which 
had six overthrow elements by putting a temporary steel-plate 


* Mechanical Engineering Director, Commercial Testin 
; 3 ; , and 
Engineering Company, Chicago, Ill. Mem. ASME. ; 
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division in the stoker hopper of each unit in the proportions of 
mixture desired and filling alternately, by a traveling weigh larry, 
the divided hoppers with coke breeze and coal. The cross action 
of the distributing rotors effected the proper mixing of the coal 
and coke of the fuel bed. A 1-month supply of coal was thus 
stretched:to 50 days of full operation. The Btu value of coke 
breeze is considerably lower than coal, and usually top size is not 
over 5/sin. : A 

In another plant which had parallel rail unloaders to a common 
apron conveyer, elevated by bracket conveyer to the bunker and 
then distributed to the stoker hoppers, the desired proportion of 
coke breeze and coal could be obtained by adjustable choke plates 
at the rail hopper outlets. Good mixing was thus obtained as a 
traveling-belt unloader on the bunker was kept in constant ac- 
tion, back and forth the length of the bunker. The proper pro- 
portion was determined on one furnace prior to setting up this 
routine for supplying the whole plant. 

Dry wood waste, sawdust, sandings, etc., with the larger sizes 
reduced by a hog can be fed with coal on overthrow stokers if 
mixed properly, usually at the hopper. It can also be introduced 
under slight pressure direct to the furnace under control and 
with precautions against flashing back into the feed chute. 

When industrial wastes are used as auxiliary fuels in furnaces 
designed for solid fuels, the economics entering into their use 
should be considered. Often more money is spent on the means of 
handling them than they will ever earn in producing steam, but 
credit should be given for the cost of their disposal. 

In determining the value of the waste fuel, considerable care 
should be exercised to determine the amount available, its 
burning characteristics, and its heat value. We have been called 
on to determine this in a large range of fuels, and Table 2 of this 


TABLE 2 HEAT OF COMBUSTION OF VARIOUS SUBSTANCES 


Dry, Dry, 
Substance. Btu Substance Btu 
Petroleum coke........... 15800 Oil (cottonseed) .......... 17100 
#1 Gilsonite selects?....... 17699 Oil (lard).......... ‘ 
INGTON Ure caM ele ota at oi aia aieuete ee Oil (olive) ..... 
Carbon; puresmea. st»... « Oil (paraffin) 
Gharcoaleeco tense i bese Oil (rape)..........- oa 
Carbon, crystal. . Z Oill(epérm) ac shot este Coke ein» 
Graphitese -tccke. AYAING cy ore'e 2 cateloraeve tie o-ake 
1 tE Pl ee nee ore -_ Candy? sn 3s ade tote eee 
Sootidrom oil)ssess5cc4.c8% BUttets covsistaie fo trlets ome 2's 
Soot (from smokeless coal) . 7049 Casein. .......-seee cerns 
Soot (Island Creek)....... 5425 Eggwhite................ 
Soot (Red Jacket Thacker). 10569  Hggyolk.............+.+. 
Soot (Crystal Block Wini- Fats (animal)........ a 
predentin he eter 4951 Hemoglobin (blood). . 
Welch anthracite (1.65 per Dynamite, 75 per cent. 
GONE BSN) verre oo speleyelorw ete 5087  Gunpowder............ . 
Wood (beech).......... 3593  Hydrogengas............. 
Wood (birch)...........-.- 85388 Waste hemp hurds...... woe 
WOOG (ORIG aie tenc eon 8316 Cottonseed hulls (fusion 
Wood (pine iat raster 9153 2342 BF)... eee ree 
Wood (dry oak)..........- 3472 Cottonseed hull brans (fu- Z 
Wood (oak hog)........++ 8665 sion 2307 F)...........- 8675 
Wood sawdust (oak)....... 8493 Brown skins from peanuts... 10431 
Wood sawdust (pine)...... 9347 Pecan shollgis sg isc.nus ooo 0 8893 
Wood sawdust (pine)...... 9676 Coffee ground (165534)..... 10058 
Wood sawdust (hemlock)... 7797 Pecan shells (few meats left ait 
Wood sawdust(fir)........ 8249 inthem)............+.- i % 144 
Wood sawdust (spruce)..... 8449 (166838 J. W. Peterson eke 
Wood shavings...,...+--: 8248 2 + 
Wood shavings (hardwood A pi 
BUtO DOGIES)s +2 eeccnis- 8878 k Sire an. 
Wood bark (spruce)........ 8817 Coke a4 coke mA 
Wood bark (hemlock)...... 8753 4 recelve recelved 
Wood bark (fir)........--- 9496 Moisture per rho eA 
Wood bark (fan)..........- 7999 cent...... 21. -46 
Sul pbuh Sea craielon 4500 pshs Be ead 13.68 9.19 
Be aera cco} (8300 cent j.- 14.01 16.44 
Brown skins (peanuts)..... - 11289 ree carbon, : 
Corn on the oe ae 4 tees 8100 per cent... 50.64 67.91 
ewe (GUUS = Aas AnD Sess ORL Totals caste 100.00 100.00 
URS ON OOL) eters sie teiete oie 8876 Btateteee es 9276 12,244 
Rags ime) ea olen dav obofoe ote 7132 Sulphur..... 1.18 0.67 
RAGE (COUCON) oo, s/ox0 s.0i0i9.0\9 © 7165 Hemlock 
Cotton batting............ 7114 bark 
Corrugated fiber carton.... 5970 as 
INGWEDRDEI i: ceca es cies 20 7883 received Dry 
Wrapping paper........... 7106 Moisture, per 
(OF CE OA OORT EHEC eT: 7998 COL no's ers 58.39 Besse 
WGA Pom cates ho ieas scale oe 7532 Btis: sees: 3578 8600 


@ Material used for cores in foundries. 


discussion may be of some interest in this connection. The 
values are mostly given on a dry basis, as the moisture may vary 
over a wide range, and the “‘as-received” value would be affected 
by the amount of moisture present in the material when used as a 
fuel. 


H. W. Berecuer.* In the northwestern portion of the United 
States and in British Columbia, Canada, the use of forest prod- 
ucts has changed in the last 25 years from saw mills with a few 
scattering small pulp and paper plants, to a situation where prac- 
tically all species of coniferous woods are now used by the pulp 
and paper mills in competition with the sawmills and the plywood 
plants. 

In the pulp and paper mills, a far greater realization of cellulose 
content of the log for the final product is possible, and a smaller 
portion of the wood remains for fuel. The author refers to 50 per 
cent waste in manufacture of lumber. Modern pulp and paper 
plants now use hydraulic barkers for the removal of the bark. 
Larger-sized chippers that take the complete log without cutting 
are now prepared to take logs up to 30 in. diam. Larger logs are 
only sawned to sizes suitable for use in such mammoth chippers. 

This modern equipment eliminates a large portion of the saw 
kerf formerly available for fuel. What were formerly slabs now 
go into pulp. Other than the bark, in the modern pulp mill 
from 90 to 95 per cent of the cellulose content of the original 
log, as received at the mill, now goes to the digesters. In the 
face of the increased cost of supplementary oil or coal fuel, the 
paper mill now faces a diminished supply of refuse from wood 
preparation. 

With the hydraulic barker and the preponderance of bark as 
the log waste available for fuel, there is an increase of average 
moisture content in the available fuel. The amount of steam 
generated from the pulp-mill wood-preparation waste is but a 
fraction of that formerly produced. The author has clearly indi- 
cated the decrease in capacity and the decrease in efficiency re- 
sulting from high moisture content of wet wood fuel. 

While we have been able to obtain capacities in excess of those 
cited in the paper, it has only been done with the use of specially 
designed furnaces in which preheated air is used and injected 
as overdraft air in locations that would speed up the surface 
combustion. Deep conical piles are undesirable. A multiplicity 
of small cells with individual cones in each cell have been found 
to be superior to those fee in which two or more cones are 
placed in series. 

The conical pile is not the ideal way of burning wood fuel, but 
is generally adopted because of its simplicity and the ease with 
which fuel can be fed to the furnace. In any conical pile and for 
any individual rate of firing, there is a certain depth of fuel at 
which maximum combustion is obtainable. The center cone 
of the pile is always too thick and the tapering edges of the conical 
pile are always too thin. 

If fuel could be laid down approximately to a uniform thick- 
ness and supplied with air at proper pressure, the best results 
would be obtained. There are several experimental plants in 
which bark and other mill wood refuse are being tried with 
spreader stokers. It is the writer’s belief that the future firing of 
wood fuel will be in suitably designed furnaces with some form of 
spreader in which uniform depth of fuel can be maintained and 
in which the faults of the conical pile in Dutch ovens can be 
avoided. 

The writer agrees with the author that emphasis should be 
placed upon the development of a furnace, boiler, air heater, and 
fuel drier in which the waste products will be used to increase 
efficiency on some of the very high-moisture fuels that are availa- 
ble for the pulp and paper industry. 

3 Consulting Engineer, Seattle, Wash. 
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C. F. Harpy.! The average woodworking plant, which 
makes furniture, store fixtures, millwork, etc., in the Middle 
West, has much smaller boilers than the author mentions in his 
paper. Boilers may be used to provide steam for heating and 
process in these plants, although many also generate electric 
power. 

The managements of the majority of these plants consider saw- 
dust, trimmings, and hogged fuel as a waste product to be disposed 
of, rather than a valuable source of heat. A ‘unit’? of 200 cu ft 
has a heating value of approximately 20,000,000 Btu, and 1 
cu ft, which may vary in weight from 8 to 12 lb, has a heating 
value of 10,000 to 15,000 Btu. 

In the case of wet wood from a pond or wood direct from the 
forest, it may be necessary to burn the sawdust and hogged fuel 
in the manner shown in Fig. 4 of the paper, and that is the ac- 
cepted way of burning this fuel in most plants, regardless of the 
moisture content of the wood. It is not at all uncommon to see 
one of these Dutch ovens full of kiln-dried hogged fuel and 
shavings, and another boiler being fired by coal or oil to carry a 
share of the load. . 

On the other hand, a few plants have been equipped to fire wood 
- fuel so that practically all of it burns in suspension, and the air 
is properly regulated to the amount of fuel burned. This reduces 
the amount of fuel burned by about 50 per cent, and thus the 
entire plant load may be carried without using a supplemental 
fuel. It is necessary only to install a storage bin (if one is not 
already installed) and to put in a low-cost shavings conveyer, 
fan, and controls, which, for the average boiler, will cost $2500 or 
less. A mechanical or pneumatic spreader stoker may also be used 
for this purpose. Sucha system has the advantage that a Dutch 
oven, which is used primarily as a storage space for the fuel, is not 
required. Generally, a furnace designed for coal or oil can be 
used without alteration. With industrial coal averaging from $7 
to $10 per ton, and fuel oil costing $15 to $18 per equivalent ton, 
many plants could well afford to reappraise their opinion of so- 
called “wood waste” and to invest in equipment to burn it 


properly. 


F. X. Giuc.§ In these days of high fuel costs, the efficient 
utilization of by-products as fuel becomes more and more neces- 
sary. Many industries can reduce their consumption of high- 
cost purchased fuels by burning their by-products. At the same 
time, they will eliminate a troublesome disposal problem. In 
addition to those mentioned by the author, coffee grounds, 
peanut hulls, cocoanut shells, and rice hullsare a few examples of 
by-products with fuel value. In many instances the saving in the 
cost of disposing of these waste products alone will go a long way 
toward paying for the equipment necessary to prepare and burn 
them as fuel. 

In the burning of coke breeze, there is considerable carry-over 
of partly burned cinders in the products of combustion. Unless 
the gas baffles are tight and carefully arranged to avoid the 
impingement of concentrated cinder-laden gases on the heating 
surfaces, severe abrasion of these surfaces may result from the 
sandblasting action. 

In the burning of hogged fuel at high rates of combustion, par- 
ticularly when the logs have been floated in salt water, severe 
slagging of the grates and heating surfaces may occur. To reduce 
trouble from this source, water-cooled grates are being used and, 
obviously, the walls of the secondary furnace should be water- 
cooled. 

In the combustion of bark, particularly in the southern paper 


‘Chief Engineer, Appalachian Coals Incorporated, Cinci j 
Ohio. Mem. ASME. es OEE 
5 Application Engineer, The Babcock & Wilcox Com N 
York, N.Y. Mem. ASME. io 
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mills, there is a considerable quantity of sand impregnated in 
the bark. Slagging of the grates and boiler heating surfaces has 
occurred. Some of this sand is carried over with the products of 
combustion, causing some abrasion of the boiler tubes. Pro- 
visions must be made to settle and remove as much sand as pos- 
sible from the furnace. 

While there are yet many plants burning bark in Dutch ovens 
with flat or inclined grates, the limitations of burning in a pile 
and the intermittent removal of ashes makes this method of 
burning unsatisfactory in modern plants. A more modern de- 
sign of bark-burning installation is shown in Fig. 10 of this dis- 
cussion. It is a Stirling boiler with completely water-cooled 
furnace walls, fired by a Detroit spreader stoker with continuous 
ash discharge. The unit is designed to operate at 550 psi and 
700 F. It will generate 85,000 lb of steam per hr when burning 
bark, and 100,000 lb of steam per hr when burning coal. It 
carries a continuous load of 95,000 lb of steam per hr on bark 
and has carried peak loads of 120,000 lb of steam per hr. The 
unit is completely automatic. The sand and ashes are dis- 
charged continuously from the front of the stoker. The cinders 


which are collected in the hoppers located at various points in . 


the setting are reinjected into the furnace with the overfire-air 
system. This unit has been in service for 2 years. Several other 
units of this same type are now being constructed. 


Fie. 10 Bark-Burnine Unit Wits SPREADER STOKER 


Bagasse, the sugar-cane refuse, is still being burned on piles 
in Dutch ovens as shown in the paper. Fig. 11 herewith shows a 
modern arrangement for burning bagasse at high capacities in 
Ward furnaces attached to the side of an integral-furnace boiler 


with completely water-cooled walls. It is designed for 70,000 lb of . 


steam per hr on bagasse and 100,000 Ib of steam per hr on oil or 
gas. The unit is designed to operate at 650 psi and 725 F. 
Steam loads as high as 120,000 lb per hr have been carried when 
burning bagasse. Carry-over of partly burned bagasse, always a 
nuisance in sugar mills, is almost eliminated in this arrangement. 
Carry-over from the Ward furnace continues to burn in suspen- 
sion on its way through the water-cooled furnace of the integral- 
furnace boiler, a distance of about 35 ft. Some of the larger 
particles of course fall on the water-cooled floor which is equipped 
with pinhole grates supplied with air for combustion. 

On a test at the design load of 70,000 Ib of steam per hr, the 
loss in efficiency due to unburned combustible leaving the stack 
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of this unit was only 0.7 per cent. Steam pressure is maintained 
automatically by a Bailey combustion control, regulating fuel 
feed, air supply, and furnace draft. Ashes are removed from the 
Ward hearths once each day. Except for the manual removal of 
ashes, the unit is completely automatic. The high efficiency on 
bagasse as well as on oil is very attractive to progressive sugar- 
mill owners. Several other units of this same type are being con- 
structed and in operation. 


AvuTHOR’s CLOSURE 


The author wishes to thank the several discussers for providing 
additional supporting data on the use of some by-product fuels. 
All of these serve to emphasize the fact that many former by- 
products are now basic fuels because of newer furnace-design de- 
velopments. 7 

Mr. Carroll in his discussion asks: ‘To what extent can some 
‘of the by-products mentioned in the paper be used in standard 
furnaces designed primarily for burning solid fuels?” This is a 
difficult question to answer definitely because the so-called stand- 
ard furnace is one with many variables and therefore hard to fix 
or define. 


Where the primary solid fuel is pulverized coal it is feasible to, 
burn acid sludge, asphaltic pitch, petroleum coke, tar, refinery 
gas, coke-oven gas and blast-furnace gas. The burners used must 
be capable of handling the by-product fuel and the capacity ob- 
tainable will depend on a number of additional factors some of 
which are: air and fuel capacity of the burners; available tem- 
perature, pressure, and quantity of combustion air; capacity of 
induced draft fan or chimney; and draft loss through the unit. 

In some coal-fired spreader-stoker installations, coke breeze 
can be burned. In others, limited quantities of wet-wood refuse 
may be burned provided its moisture content is not too high and 
there is available preheated air for combustion. 

Where chain- or traveling-grate stokers are used it is possible to 
substitute coke breeze for coal, provided the furnaces are not of 
the “archless’’ type. 

When necessary to use a combination of solid fuels, particularly 
on grates of any type, it is well to avoid mixtures, because segrega- 
tion will surely occur and result in unsatisfactory furnace and fuel- 
bed conditions. In most cases improved conditions will result 
from alternate, rather than simultaneous, firing of the two fuels 
particularly if their characteristics are quite dissimilar. 
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Mr. Beecher has indicated that the conical-pile method for 
burning wet-wood refuse while successful is nevertheless undesira- 
ble. He predicts that the future furnace designs for this fuel 
will employ spreader-type stokers and level fuel beds of uniform 
thickness. This is actually more than a prediction since con- 
siderable experimental work has already been done along these 
lines. Furnaces employing several variations of spreader-stoker 
applications, for burning wet fibrous by-products, are out of the 
laboratory and well along in the development stage under full- 
scale plant-operating conditions. Indications are that they will 
provide considerable increase in fuel-burning capacity along with 
higher efficiency and extremely long periods of service continuity. 
Full information on these newer developments should be available 
within a relatively short time. : 

Mr. Hardy’s discussion of conditions that exist in a majority 
‘of small plants which have quantities of wood refuse available, is 
atimely one. In many of these even a small investment for engi- 
neering design and suitable equipment will result in appreciable 
savings of purchased fuel. ; 

Difficulties which may be encountered when burning some of 
the by-product fuels have been pointed out by Mr. Gilg. These 
may be avoided when the designs used are developed through 
actual operating experiences. 

Data furnished in connection with the bark-fired installation 
shown in Fig. 10 supports Mr. Beecher’s predictions. Further 
experience, however, will surely lead to design simplification and 
increased capacity per unit of space occupied. 

The design of bagasse furnace illustrated in Fig. 11 has been 
developed from the original Ward furnace of 1936.6 
so-call Ward furnace design is almost identical with one proposed 

_and offered by the author in 1937 and later described in ‘‘Fuel 
Burning and Steam Generation,” a book published in Canada 
during early 1940. The illustration of this rear-arch horseshoe- 
type furnace, Fig. 12, is taken from this publication. 

The most recent improvements for bagasse burning now include 
a partially watercooled furnace construction in which Dutch-oven 
extensions, partition walls, arches, and horseshoe-shaped hearths 
are eliminated. Spreader-stoker units are used to distribute the 
bagasse onto either a dumping or continuous-discharge-type grate, 
thereby employing the combined principles of flash drying, sus- 
pension burning, and in-position burning. The fuel bed is thin, 
uniform, and actively burning over the entire grate. The grate 
surface is continuous across the length and width of the furnace, 
there being no partition walls, arches, or other space-consuming 
refractories. 

A complete bagasse combustion system of this type is.described 
by H. G. Meissner in the January, 1948, issue of Combustion, 
from which the illustration, Fig. 18, is taken. A number of fur- 
naces of this type have now been in operation for sometime and 
others are under construction or on order. Carefully conducted 


6 ““Bagasse Furnace,” by E. W. Kerr, Trans. ASME, 1939 ,vol. 61, 
pp. 685-691. 
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tests have shown increased efficiency, reduced carbon and radia- 
tion loss, and the ability to maintain easily a close control of fuel- 
air ratio either manually or automatically. Boiler and furnace 
availability are improved to the extent that these units may be 
kept on the line continuously throughout the grinding season. 
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Fie. 138 C-E Spreaper-Sroxer Firmyc System APPLigp To Two- 
Drum BoILeR 


Proposed Recommended Practices for the 


Preparation of New Turbine 


Lubricating Systems 


Numerous discussions between the representatives of 
turbine builders, operators, oil suppliers, turbine-equip- 
ment suppliers, and consulting turbine engineers in at- 
tendance at meetings of Technical Committee C, Section 
1, of the American Society for Testing Materials, have 
indicated the desirability of pooling the available experi- 
ence with respect to the preparation of new turbine lubri- 
cating systems in order that the most desirable practices 
might be standardized. The pooled information con- 
tained herein should be considered a ‘‘guide to desira- 
ble practices.’’ 


INTRODUCTION 


T should be emphasized that the preparation of new turbine 
l lubricating systems on large or small units in land or marine 
service should be accomplished through the co-operative 
efforts of the turbine builder, the operator, and the oil supplier. 
No phase of this work should be undertaken without a thorough 
understanding of the possible effects on subsequent operation of 
the installation, nor should it be entrusted to persons lacking in 
experience, without adequate supervision. 

While it is the primary purpose of this guide to set forth 
recommendations for the preparation of a system immediately 
prior to its initial operation, the practices followed during the 
manufacture and fabrication of the component parts are felt 
to be so closely related to the operation that a brief summary 
of procedures found to have given good results is set down as 
“manufacturers’ practices.” 


MANUFACTURERS’ PRACTICES 


Piping. After fabrication in sections suitable for subsequent 
assembly, all piping is thoroughly cleaned by immersion in hot 
alkaline cleaning solutions for the removal of oil or paint. The 
same results may be accomplished by an alkaline steam-jet 
cleaning. Following this operation, the piping is thoroughly 
washed arid pickled by immersion in hot dilute hydrochloric or 
sulphuric acid to which a suitable inhibitor has been added to 
prevent attack on the bare metal. Where bending sand has 
been used and may remain in inaccessible parts of the piping, 
the use of hydrofluoric acid for its removal is recommended. 
The acid-pickling operation is followed by thorough rinsing for 
the removal of all acid. The piping is dried, after which im- 
mediate application of a suitable rust-preventive compound is 
made. The use of a petroleum-base rust preventive readily 
soluble in oil is recommended to facilitate subsequent removal 
from the piping by the method recommended herein or by 
other methods. All open ends of cleaned and treated pipe should 
be sealed by a suitable means before storage or shipment. Prod- 


1 Report prepared by Technical Committee C, Section 1, A.S. 
T.M. Committee D-2; and sponsored by the Applications Subcom- 
mittee of the Petroleum Committee of the ASME Process Industries 
Division and presented at the Annual Meeting, Atlantic City, N. J., 
Dec. 1-5, 1947, of Taz AMprIcAN Society or MrcHANnicaL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 47—A-39. 


ucts used for joint compounds or gasket materials have been 
known to have a deleterious effect on turbine lubricating oil. 
Such materials shall be free of acid, lead compounds, oil-soluble 
components, and other materials adversely affecting oil-service 
life. 

Cast and Fabricated Parts Other Than Tanks or Gear Cases. 
Cast and fabricated parts, such as bearing pedestals and caps, 
bearing brackets, valve-gear parts, etc., which are in contact with 
the oil, should be cleaned free from rust and scale by blasting 
with steel shot or steel grit, wire-brushing, or chipping. Rust- 
preventive coatings adequate to supply protection during ship- 
ment and storage prior to erection should then be applied. 

Oil Tanks and Gear Cases. After fabrication has been com- 
pleted, oil tanks should be cleaned by steel-grit or steel-shot- 
blasting, or by a steel brush‘and by a solvent to remove all grease, 
dirt, and other foreign matter such as joint and gasket com- 
pounds. It should then be protected either by an oil- and 
water-resistant paint, or by a rust-preventive coating during 
shipment and storage prior to assembly. 

Gear casings, after fabrication has been completed, should be 
cleaned by steel-grit or steel-shot-blasting or by a wire brush 
and by a solvent to remove all dirt, grease, and other foreign 
matter. It should then be protected by an oil- and water-resist- 
ant paint or by a rust-preventive coating during shipment and 
storage prior to assembly. 


CLEANING AFTER ERECTION—DIRECT-CONNECTED UNITS 


General. Before any part of the cleaning job is undertaken, a 
thorough inspection should be made of the entire system by 
those charged with the responsibility for the cleaning. Its 
condition should be determined, and all peculiarities which may 
lead to difficulties, such as air pockets or areas of poor drainage, 
should be noted. This should be followed by an agreement on 
the procedure to be adopted, which should be concurred in by 
the builder’s, operator’s, and oil supplier’s representatives. The 
initial inspection will indicate the extent of manual labor re- 
quired before introduction of any oil or flushing fluid. By 
“manual labor” is meant the removal of thick-film (greaselike) 
rust preventives, brushing, blasting, and sweeping for the re- 
moval of welding shot, chips, sand, etc. and general preparation 
for the flushing procedure which is to follow. In this and all 
subsequent operations, lintless wiping cloths must be used, as 
accumulations of lint from ‘this source have been known to 
contribute to plugging of oilways, with resultant serious dam- 
age. 

Flushing. Prior to the installation and circulation of flushing 
oil, arrangements should be made to prevent the entrance of any 
contaminant carried in the oil into bearings. This can be ac- 
complished by the installation of blind flanges at the bearing 
oil inlets with “jumpers” across the bearings so as to avoid long 
dead ends. On small installations, or in other cases where this 
procedure is not felt to be justified, the shells of the bearings 
may be removed or rotated so as to prevent flow of oil through 
them, but not in such a manner as to shut off the flow of high- 
pressure oil. Depending on the size and layout of the system, 
and the capacity of the pump used to circulate the flushing 
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medium, it may be desirable to sectionalize the piping and flush 
the sections individually. 

For those installations in which any rust-preventive materials 
are present, such materials must be removed before the final 
charge of lubricating oil is placed in the system. It is the re- 
sponsibility of the turbine manufacturer to advise the operator 
or his engineers the type of rust preventive used. Rust pre- 
ventives which are not readily soluble in turbine oil should be 
removed prior to assembly. If the rust preventive is oil-soluble 
and can be flushed away, it is desirable to use a flushing oil of the 
same or lower viscosity than the lubricating oil recommended. 
If this course is taken, it is considered desirable to use a flushing 
oil containing the same type of rust inhibitor as the final oil 
charge. A sufficient volume of flushing oil should be provided 
in the oil tanks to permit continuous circulation with the auxili- 
ary oil pump. Means should be provided for heating the flush- 
ing oil to a temperature of 125-180 F during circulation. Heat- 
ing to a temperature above the maximum to be expected in serv- 
ice is desirable, since it will result in expansion of the piping 
greater than will occur in service, with consequent more ef- 
fective loosening of scale and other adhering materials. 

Continuous use of a filter or centrifuge during the flushing 
operation is important. Where the lubricating system is not 
equipped with a purifier, an auxiliary filter can be installed dur- 
ing circulation to remove suspended contaminants which might 
otherwise be carried in the system. Circulation of the hot flush- 
ing oil should be continued for as long a period as necessary; this 
period may vary from 4 hr for small units up to 96 hr or longer 
for larger units. Following this flushing operation all oil is 
drained from the system, particular care being taken to drain 
all low points in the piping, coolers, and governor mechanism. 
Heavy solids which have been flushed into the oil reservoir are 
removed manually, bearing pedestals inspected and cleaned, 
and the governor hydraulic mechanism disassembled for the 
removal of any foreign material. 

On small systems and those in which no rust-preventive ma- 
terials have been used, the initial flushing operation can be 
accomplished satisfactorily with a charge of the same type oil 
later to. be installed as lubricant. In this case the procedure 
will be similar to that followed with the use of flushing oil, pre- 
‘cautions being taken to remove all loose dirt and to prevent the 
entrance of dirt or other foreign material into bearings and gov- 
ernor parts. Drainage and cleaning of the system in this case 
will be carried out in the manner described for flushing oil. 

Displacement. In certain instances, in order to assure the 
complete removal of all flushing oil and any contaminants which 
it may carry in solution, it may be desirable to follow the flushing 
with a charge of “‘displacement’’ oil. The decision on necessity 
for use of a displacement charge should be left to the judgment 
of the oil supplier and turbine engineer. Factors to be considered 
include type and viscosity of flushing oil and general cleanliness 
of the system. As a displacement oil, the same type of oil as is 
to be used for the lubricant is installed in sufficient volume to 
permit circulation, and the oil, heated to 130-150 F, circu- 
lated for approximately 2 hr. Since the viscosity of this oil will 
be higher than that of most oils used for flushing, some particles 
may be suspended and flushed out which were not removed 
by the less viscous oil. When inspection of the centrifuge or 
filter at this time indicates the system to be clean, the blind 
flanges and jumpers which were initially installed may be re- 
moved and circulation continued for an additional 2 to 4-hr 
period. During this circulation, the governor mechanism should 
be actuated in order to assure flushing of these parts. When 
this operation has been completed, where practical, all accessible 
bearings should be removed and inspected and, if found to be 
in satisfactory condition, the system may be considered clean. 
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During drainage, attention should again be given to all low 
points, and the oil reservoir should be wiped out with lintless 
cloths, thus removing any loose solids. 

In systems in which particular care has been taken during 
fabrication and erection, it has been found entirely satisfactory 
to operate the unit for a brief period up to a few weeks on the 
displacement charge of lubricating oil if laboratory tests indi- 
cate that the oil is in satisfactory condition, particularly in re- 
gard to viscosity and cleanliness. Where the operating require- 
ments will permit this schedule, the difficulties frequently en- 
countered in the operation of a new system can be worked out 
before the final lubricating oil is charged. 


GEARED AND MARINE SETS 


The initial remarks made with respect to manufacturers’ prac- 
tices will apply generally to direct-connected and geared sets 
alike; however, in view of the greater complexity required in 
marine systems, some variations in the procedures may be found 
desirable, and the following complete procedure has been found to 
be highly satisfactory when followed closely by a large num- 
ber of shipbuilders: 


Cleaning Steel Pipes, Valves, and Fittings 

1 Before installation and after all fabrication has been com- 
pleted, all steel pipes, valves, and fittings are to be treated as 
follows and in the order given:: 

(a) All fabricated steel pipes and flanged fittings to be blown 
with steam or air to remove loose scale and sand. Steel valves 
are thoroughly blown and then inspected to insure cleanliness. 
Valves should not be subjected to steps (b) through (h). 

(b) All fabricated steel pipes and flanged fittings to be sub- 
merged and washed in a boiling solution of an alkaline metal 
cleaner such as, sodium orthosilicate. The cleansing solution 
should be prepared in accordance with the recommendations of 
the manufacturer. Pipes and fittings are to be submerged in 
the boiling solution for a period of approximately 3 to 4 hr. 
During this operation all dirt, paint, and grease are removed from 
the metal, thereby preparing the pipes and fittings for the acid 
treatment. 

(c) The pipes and fittings to be rinsed in warm fresh water. 

(d) The parts are then to be pickled by one of the two following 
methods, depending upon the time available for the pickling 
process: ; 

(i) The pipes and fittings to be submerged in a solution of 
dilute hydrochloric acid, the composition of which shall be 1 part 
of concentrated hydrochloric acid and 1 part water to which a 
suitable inhibitor has been added to prevent attack on the bare 
metal. This process requires pickling for a period of 8 to 16 hr, 
depending upon the condition of the pipes before application of 
the acid treatment, or 

(ii) In lieu of the dilute hydrochloric-acid solution, the parts 
may be submerged in an acid bath composed of one part of 
concentrated sulphuric acid and fifteen parts of water to which a 
suitable inhibitor has been added to prevent attack on the bare 
metal. The temperature of the solution is kept between 140 
to 180 F. Parts may be pickled in this solution for about 30 
to 45 min. Sulphuric-acid treatment may be preferred to the 
hydrochloric-acid treatment because of the fact that the former 
is quicker acting, and the same results may be obtained. 

Either of the foregoing pickling processes removes all the scale 
from the metal. 


Note: The experience of some engineers indicates a greater 
tendency toward corrosion of pipe and fitting pickled with hy- 
drochloric-acid solution. Therefore it is recommended that 
wherever convenient, sulphuric acid should be used. If cir- 
cumstances dictate the use of hydrochloric acid, the time of 


‘ 
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‘pickling and time from the acid bath to soda neutralization 
(item f) should be kept to the minimum. 


(e) Parts should again be rinsed in warm fresh water, 

(f) Submerge parts in boiling water to which a small amount 
of sal soda has been added. 

(g) Rinse with cold fresh water. 

(h) Dry parts with an air blast. 


Protection of Steel Pipes, Valves, and Fittings During Storage 


2 After the foregoing procedure has been accomplished, the 
metal has a bright clean finish which is prone to rust. To pre- 
vent the rusting of the parts it is necessary to coat the steel pipes, 
~ valves, and fittings with a rust preventive for protection during 
storage prior to installation. The procedure is outlined as follows: 


(a) The pickled steel parts are dipped in a rust-preventive 
solution. 


Note: Suitable oil-soluble rust preventives are preferred, 
since they will be removed by the flushing oil. 


(b) After the rust preventive has been applied, all open ends of 
the pipes, fittings, and valves are to be carefully sealed. 


Bronze Valves 

3 Bronze valves in lubricating-oil systems do not require the 
treatment as outlined in (1) and (2). Bronze valves are to be 
treated as follows: 


(a) The internal parts of the valves are removed and the valve 
bodies are thoroughly cleaned. 

(b) The valve bodies are placed in boiling water, to which a 
small amount of sal soda has been added, for approximately 1 
hr. 

(c) Valve bodies are then rinsed in cold fresh water. 


Protection of Main Reduction Gears 

4 (a) The following practice has been found satisfactory for 
short-time storage and domestic shipment of gears and gear 
casings: The gears, journals, bearings, coupling, and gear cas- 
ings should be cleaned with a solvent and allowed to drain, and 
then they should be coated with a rust-preventive compound, 


If the gears are shipped assembled in the casing, no additional 
protection is required. 

If the gears are shipped externally from the case in a crate 
and supported by the journals, the journals should be given 
special covering with greaseproof, acid-free paper and/or fabric 
wrapper, and additional coatings of rust-preventive compounds. 

For long-time storage or foreign shipment, the gears, journals, 
bearings, couplings, and gear casings should be given two coat- 
ings of a rust-preventive compound. If the gear is shipped 
separately from the casing in its own crate, the gear teeth as well 
as the journal should be wrapped with greaseproof acid-free 
paper and/or fabric wrapper with the wrapper extending down 
along the rim, in order completely to protect the teeth. The 
wrapper should also be covered with rust-preventive coatings. 

Some manufacturers prefer to coat reduction gears and the 
inside of the gear case with heavy grease as a protective mate- 
rial, in order to prevent rusting during shipment and storage 
prior to installation aboard ship. 

Immediately prior to installation, the rust preventive is re- 
moved from the main reduction gears and the inside of the gear 
case and the gears are theh wiped dry with clean lintless cloths. 

(b) After installation aboard ship, a small amount of rust- 
inhibited turbine oil is poured and brushed over the cleaned 
surfaces of the main gears and pinions after the gears have been 
checked for tooth contact. Two electric heaters are placed in 
the opposite corners of the sump tank to maintain a uniform 
temperature throughout the unit and prevent condensation of 


moisture until the piping is completed and the sump tank is 
ready for final cleaning. 


Cleaning Main Lubricating-Oil Sump Tank 


5 (a) Where the oil sump is integral with the gear foundation, 
shall be prepared as follows prior to installation of the gear :? 

(i) The interior surface of the sump tank is washed with kero- 
sene or other suitable cleaner to remove all foreign material and 
then wiped with clean lintless cloths (not waste). All surfaces are 
then coated with rust-inhibited turbine oil. Care must be taken 
that all pockets are free from water and foreign material before 
the system is initially charged. 

(b) After the installation of the gear and all other parts, the 
lubricating oil system shall be cleaned as follows: 

(i) The sump and gear casing are to be inspected and cleaned 
where necessary to remove foreign material. All surfaces shall 


_ be covered with rust-inhibited turbine oil. 


(ii) The two electric heaters mentioned in (4b) are removed 
from the lubricating sump tank. 


Cleaning and Flushing Lubricating-Oil Systems 


6 After the installation of all parts, the lubricating-oil 
system shall be cleaned and flushed as follows and in the order 
stated: 


(a) After the cleaning procedure has been accomplished as 
stated, the sump tank is ready to be charged initially with oil. 

Note: Some shipyards prefer to use regular lubricating oil 
for the flushing operation, while others prefer the use of a special 
flushing oil. Some flushing oils contain kerosene and in some 
instances traces of rust were noted in the pipes and on the gears 
after using such products. Regular lubricating oil or special 
flushing oil, which contains a rust inhibitor, has been satisfac- 
torily used for flushing. It is considered preferable to use flush- 
ing oil containing the same type of rust inhibitor as will be used 
in the final oil charge. When regular lubricating oil is used for 
flushing, it should be noted that all dirt and foreign material 
are to be removed from the oil by purifying before the oil is re- 
turned to the system. 

(b) All reduction-gear sprays and lubricating-oil leads to bear- 
ings are to be blanked off as closely as possible to the parts they 
serve. 

(c) To eliminate dead ends in the system, all long leads are to 
be connected by jumpers to the lubricating-oil drains. Jumpers 
should be of the same approximate diametcr as the pipe being 
flushed. 

(d) Temporary strainers of monel metal, 40 mesh or finer, 
or temporary cloth bags are used on the inside of the lubricating- 
oil-service duplex suction and discharge strainers during the flush- 
ing period. A temporary strainer box, approximately 1/,-in. 
mesh, is installed around the lubricating-oil-suction bellmouth 
in the sump tank.- Temporary strainers are installed prior to 
the flushing operation and are to remain in the system until and 
during the first dock trial. The purifier should be operated con- 
tinuously during circulation of the flushing oil. 

(e) The flushing oil should be maintained at a temperature of 


. 125-180 F for the first circulation. 


The following means for heating the flushing oil may be used. 
All precautions should be taken to prevent localized overheating 
of the oil: : 

(i) Low-pressure steam (3-5 psi pressure) may be led to the 
water side of the main lubricating-oil cooler. 

(ii) A temporary heating coil may be installed in the lubri- 
cating-oil sump tank. 


2 Where the sump is separate from the gear foundation it may be 
cleaned either before or after installation of the gear. 
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(iii) A temporary heater may be installed in the piping system. 

Coil or heater is to have no internal joints. 

(f) Oil for flushing is to be pumped into the sump tanks and is 
to be circulated through lubricating-oil pipes without entering 
the bearings or reduction-gear sprayers at a temperature of 125- 
180 F for a period of not less than 48 hr, or until no further de- 
posits are removed by the strainers or purifier. 

(g) Experience in flushing lubricating-oil systems has shown 
that almost all of the larger particles of dirt and foreign material 
are collected in the temporary strainers during the first 2 hr of 
flushing. During this time it is necessary to clean the strainers 
at frequent intervals of approximately 15 min. The oil puri- 
fier should also be inspected frequently and cleaned if neces- 
sary. 

(h) After the flushing operation is completed, the oil is pumped 
out of the lubricating-oil sump tank and all jumpers are re- 
moved. The discharge leads to the gear-nozzle sprays, and 
turbine bearings are to remain blanked off. The main lubri- 
cating-oil piping system is then tested under higher than normal 
working pressures to detect any leaks. The piping layout and 
cooler design should be checked prior to making this test to as- 
sure that no damage will be caused by the test pressures. This 
test is made by filling the main lubricating-oil piping systems 
with turbine oil and bringing the pressure up to 50 psig, or twice 
the working pressure, whichever is greater, Some shipyards 
bring the pressure up to 150 psi for a greater factor of safety. 
This pressure is held for a sufficient length of time to allow for 
examination for leaks. 


Circulation of Lubricating Oil 


7 (a) After completing the foregoing test all blanks are re- 
moved and the pipes adjacent to the blanks which were not 
flushed previously cleaned with lintless cloths (not waste) an 
reassembled. : 

(b) The lubricating-oil sump tank is inspected and cleaned if 
necessary. The final charge of lubricating oil is then pumped 
into the system. 

(c) Prior to any operation of the turbines and gears, lubricating 
oil is circulated through the complete system at a temperature 
of approximately 130 F with sprays in operation and with bearing- 
supply needle valves wide open for approximately 48 hr or until 
no further solids are removed by the purifier or strainers. Strain- 
ers and purifier are cleaned periodically if necessary. Inspection 
plates on the reduction gears are then removed and sprayers and 
gear teeth inspected. 

(d) After the circulation described in 7(c), a representative 
group of turbine bearings is examined and if found dirty, a fur- 
ther inspection of bearings should be made and all dirty bear- 
ings cleaned. At this time the lubricating oil in the sump tank 
is purified by the lubricating-oil purifier. , 

(e) Circulation of lubricating oil shall again be started. Dur- 
ing this period the jacking gear shall be engaged and the main 
units turned over for a period of at least 2 hr. The purifier 
should be operated during this time. 


(f) After this circulation, a representative turbine bearing and. 


pinion bearing are to be examined. If they are not clean, in- 
spection of all bearings should be made. 

(g) After the first dock trial, transfer oil in the lubricating-oil 
sump tanks to the lubricating-oil settling tanks and clean the 


lubricating-oil sump tanks with lintless cloths (not waste). 
(h) All temporary strainers are removed. . 
(z) After the lubricating oil is allowed to settle, it is to be run 
through the lubricating-oil purifier before it is returned to the 
main lubricating-oil sump tank. 
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Inspections 

8 After the first dock trial, the following inspections will also 
be made: 

(a) Lubricating-oil sump tank. 

(b) Representative bearings, including turbine thrust bearing. 

(c) Main thrust bearing. 

(d) Gear surfaces and sprayer nozzles (through the inspection 
doors) and couplings and oil strainers. 

(e) Inlet end of lubricating-oil coolers. 

(f) Representative piping sections between strainers and bear- 
ing, paying particular attention to surfaces of the steel piping 
and internal parts of oil-actuated governor or controls. 


¢ 


CoNCLUSION 


While proper construction and preparation of the system prior 
to operation are essential, numerous additional factors are in- 
volved in obtaining continuous trouble-free operation of the 
turbine unit. These include adequate facilities for oil main- 
tenance, proper use of such facilities, and means adopted for 
periodic checking of oil quality. The Committee! hopes to con- 
sider and possibly make recommendations in regard to these 
factors at some later date. 


, Discussion 


L. Batuarp.? The Committee isto be congratulated on its ex- 
cellent approach to the establishment of a long-needed standard 
procedure for cleaning oiling systems of new steam turbines. The 
importance of an initially clean system cannot be overempha- 
sized, particularly from the standpoint of prolonging the time ~ 
until the system must again be cleaned. The oiling systems of 
modern steam turbines are complex, and considerable time and 
expense are required for cleaning and, possibly, dismantling, after 
the unit is in service. 

Modern inhibited turbine oils will provide years of dependable 
service if initial contamination is eliminated, reasonable protec- 
tion provided against subsequent build-up of contaminants, and 
the catalytic effect of metals minimized. From the latter stand- 
point there is convincing evidence in support of the reeommenda- 
tion that an oil-resistant paint or protective coating be applied to 
the internal surfaces of the oil reservoir either at the manu- 
facturer’s plant or prior to installing the flushing oil. Although 
iron is one of the least active metals in its influence on oil de- 
terioration, nevertheless, the large area of metal surface with 
which the oil is in contact makes it desirable to provide a pro- 
tective coating. Of even greater importance is protection of the 
upper parts of the reservoir against corrosion. A rust-inhibited 
oil will prevent effectively rusting of oiling-system parts with 
which it is in contact, but the upper parts of the reservoir are not 
so coated. As a result, they are subject to possible corrosion by 
water vapor and low-molecular-weight volatile acids, the latter 
produced as a result of oil oxidation. A suitable oil-resistant 
paint, a number of which are on the market, will serve the double 
purpose of protecting the upper parts of the reservoir against 
corrosion and minimizing the detrimental influence of the large 
area of iron surface on oil deterioration. Once the turbine is in 
service and the metal surfaces permeated with oil, a very rigid 
cleaning procedure is required to ~provide assurance that the 
paint will adhere firmly and not peel off. The proper time to 
apply such a coating is prior to initial operation of the unit. 


C. W. Brut, Sr.4 This paper points out a large number of 


3 Assistant Sales Engineer Manager—Industrial, Tidewater As- 
sociated Oil Company, New York, N. Y. Mem. ASME. 

4 Pennsylvania Power & Light Company, Hazleton, Pa. 
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hazards frequently overlooked in the planning for building and 
putting in service, equipment depending on circulating-oil sys- 
tems. (The rules suggested here apply as well to heavy motor- 
driven equipment as to turbines.) Such a set of suggestions will 
assist in stabilizing what has been a very confused situation. 

The paper does not emphasize the value of laboratory checking 
of samples during flushing and early operation of lubricating 
systems. This writer believes such checking valuable and would 
like to hear an expression from others on this point. 

It has been found that by-pass filters can be notably effective 
if connected in a strategic manner so that heavier foreign matter 
is taken off naturally. This will include moisture and rust par- 
ticles. The results may be indifferent if the connection is not 
properly located. 

Every element of the lubrication system which will be either 
exposed to the oil stream itself or te vapors therefrom, should be 
blasted or pickled and properly painted, in so far as possible, with 
a permanent moisture- and oil-resistant paint, before being filled 


with oil. It is next to impossible to make paint adhere to metal 


surfaces after they have been oil-soaked. 

Tanks and other containers, piping, etc., should be made, when 
it is possible, with smooth unobstructed inner surfaces. Tack- 
welded angles and other internal tank stiffeners interfere with 
satisfactory rustproofing when new and are traps for contami- 
nants later. : 

The writer feels that wire brushes should only be recommended 
for removal of incidental rust. They will never remove mill scale 
nor will they produce a thoroughly satisfactory surface to which 
paint will adhere. 4 

Heating of lubricating oils can be done more safely with hot 
water than with steam. When the more volatile solvent-type 
oils are used for flushing, the safe temperature limit may be 
critical at less than 212 F. 

In general, an oil system designed to preserve the lubricating 
oil will be of the “‘slow-circuit” type, which will drop out heavy 
contaminants and will also have a tendency to clear itself of the 
usual heavier materials rather promptly. 

The term “grease” as a rust preventive is questionable because 
many heavy greases would be bad contaminants in turbine-type 
oils. 


LeRoy F. Dremtne.* The following observations relative to 
marine installations of turbine-gear lubrication systems are 
based upon the writer’s contact with ships built for the United 
States Maritime Commission during and subsequent to the war. 


1 The strainers and filters through which the flushing oil 
is circulated serve principally to remove pipe scale, sand, and 
shipyard debris. A magnetic filter is usually installed to remove 
small particles of ferrous metals. The removal of microscopic 
particles of dirt, sludge, and varnish has not been observed to be 
a problem worthy of consideration in the flushing of new tur- 
bine and gear lubrication systems. 

2 Steel pipe and plate used in the fabrication of lube-oil 
systems should be pickled to remove mill scale. The waiver of 
this requirement during the war produced results which make 
it appear to be questionable wisdom to depart from the require- 
ments, even when facing a national emergency such as we faced 
at that time. 

3 The trouble experienced with rust in some turbine-gear in- 
stallations due to the condensation of moisture in the gear 
case was conspicuous by its absence in the C-2 ships which were 
fitted with a dehumidifier in the vent on the main gear case. 


§ Arlington, Va. 


These units were installed on ships built by the North Carolina 
Shipbuilding Company at Wilmington, N. C. However, this 
yard was equipped with a gear shop in which the gears were 
assembled before being installed in the ships. The precautions 
exercised in this yard to insure that the gears were in good con- 
dition when installed could not be duplicated in shipyards not so 
equipped, and it is possible that not all of the improved operating 
experience with rust should be credited to the dehumidifiers. 

Another feature of the dehumidifier worthy of mention is the 
condensation and return to the system of oil vapor which other- 
wise escapes into the engine room. 

4 The problems arising from the use of paint to prevent 
rusting of parts between the time of manufacture and the time 
the vessel is placed in service are of interest. The vessels in the 
Commnission’s laidup or reserve fleet are prepared for layup by 
withdrawing the oil from the lubrication system; the system is 
then charged with a conditioning compound, U. 8. Navy Speci- 
fication 52C16a, Grade II. The conditioning compound is circu- 
lated through the system until the entire surface of the gears, the 
interior of the pipes, gear cases, sumps, gravity tanks, etc., are 
thoroughly coated. The conditioning compound which has 
not adhered to the surfaces mentioned is then withdrawn and 
re-used on other ships. No special flushing is specified for the 
preparation of the vessel for return to service. The conditioning 
compound is soluble in lubricating oil, and it is claimed it has 
no harmful effects. It may be applied as noted, by spray equip- 
ment or by hand brush. Since the conditioning compound has 
been found to be an effective rust preventive, its use in liep of 
paint for the preservation of the surface of ferrous metals through 
the interval mentioned would seem to merit consideration. 


F. S. Jonss.¢ Although it is not mentioned in the paper. it 
should be pointed out that the manufacturer’s field engineer plays 
a very important part in the proper preparation of a new turbine- 
lubrication system prior to the installation of the operating batch 
of oil. He knows, through instruction from his factory, the type 
of material that may have been used for rustproofing of various 
parts of the oiling system and therefore knows what procedure 
should be necessary for the complete removal of such coating 
where necessary. Furthermore, he is informed as to whether or* 
not any of the coatings may be of a nature that would injure 
turbine oil if it were used for flushing, and can decide whether or 
not the same turbine oil can be used for lubrication after being 
purified. 

If various parts of the lubrication system are sectionalized for 
flushing, care should be taken so that no unprotected parts should 
be subjected to heat enough to promote condensation when they 
cool off again. 


COMMITTEE CLOSURE 


The Committee charged with the responsibility of preparing 
this paper greatly appreciates the comments of the various dis- 
cussers relative to the need for a paper of this type. With regard 
to the suggestion made by several of the discussers pertaining to 
the application of oil and water-resistant paints to prevent rust- 
ing, the Committee has found such materials very helpful where 
properly selected and applied. Paints which were not suitably 
oil resistant or which were not applied with sufficient care have 
been known to contaminate the turbine lubricating oil causing 
operating difficulties. 


6 Industrial Division, Socony, Vacuum Oil Company, New York, 
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Heat Transfer to Water Boiling 


Under Pressure 


2 By E. A. FARBER! anp R. L. SCORAH? 


The film coefficient of heat transfer from a hot metal 
surface to a boiling liquid was estimated from experiments 
with an electrically heated wire submerged in the liquid. 
The heat-flow rate was given by the consumption of elec- 
tric power. The temperature drop through the film was 
taken as the difference between the surface temperature 
of the wire and the mean temperature of the liquid. The 
surface temperature of the wire was estimated by a small] 
thermocouple. The graph of film coefficient, as a func- 
tion of temperature drop through the film, is called the 
“boiling” curve. As the temperature drop increased, the 
film coefficient first rose to a maximum, then fell to a 
minimum, from which it rose steadily as the temperature 
drop continued to increase. When water was boiled at 
atmospheric pressure, different heated metals gave dif- 
ferent boiling curves. Preliminary data are given for 
nickel, tungsten, chrome] A, and chromel C. When water 
was boiled at different elevated pressures, the same heated 
metal gave different boiling curves. The data are given 
for nickel] and chromel at 0, 25, 50, 75, and 100 psig. 
Throughout these experiments the general form of the 
boiling curve remains the same. 


INTRODUCTION 


HERE is an extensive literature on the subject of boiling, 

excellent reviews of which have been given by McAdams 

(1),? King (2), Jakob (3), Drew and Mueller (4). Many 
investigations have been made of the boiling curve using steam- 
heated metal tubes submerged in various liquids boiling at 
atmospheric pressure. Under these conditions, the temperature 
drop through the boiling film has been limited to modest values, 
-usually less than 240 F. In general, these experiments have 
given values along the boiling curve for various combinations of 
liquids and metals. These data have often been sufficient to de- 


fine the maximum values of the film coefficient and frequently , 


extend to the region of the minimum values. 

Apparently it was Nukiyama (5) who first obtained values of 
the film coefficient in the region beyond the minimum on the 
boiling curve. He used an electrically heated platinum wire 
submerged in water boiling at atmospheric pressure. For some 
reason, he was unable to determine values of the film coefficient 
in the region between the maximum and minimum points of the 
boiling curve, and, consequently, his maximum and minimum 
values rest to some extent on speculation. Furthermore, he 
used no surface-standardizing procedure, as did the present 

1 Research Fellow, University of Iowa, Iowa City, Iowa. Jun. 
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authors. Therefore his results are not comparable, so are not 
presented herewith for comparison. 


EXPERIMENTAL ARRANGEMENTS 


The fundamental characteristics of the experiment were first 
explored at atmospheric pressure in the open jar shown in Fig. 1. 
The tests reported herewith were made in the pressure apparatus 
shown in Fig 2, using the bus bars shown in Fig. 3. The pressure 
vessel consists of a 6-in. pipe-cross mounted horizontally, with 
glass windows fitted at two opposite flanges. One other flange 
is connected to a vertical 6-in. header; and the opposite flange 
receives the test wire and thermocouple assembly mounted on a 
blind flange, as shown in Fig. 3. The vertical header is pro- 
vided with a water column, a safety valve, feed and drain lines, a 
pressure gage, a thermometer well, and an electric immersion 
heater. 


Test WIRES AND Bus Bars 


The submerged part of the electrical circuit is shown in Fig. 3. 
The upper bus bar was made of 1-in-diam cold-rolled steel 
shafting. One end of the bar is reduced to 5/s in. diam to pass 


through a 3/,-in. hole in the blind flange and threaded to receive 
The collars and the bar were elec- 


tightening nuts and collars. 
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Fig. 2. Pressure Apparatus Usep tn Tests REPORTED 


trically insulated from the flange by gaskets made of selected 
India mica. A movable. extension arm made of !/;-in. & 2-in. 
mild steel and provided" with a locking device was fitted per- 
pendicular to the 1-in. bar. 

The lower bus bar was made of mild steel in the form of a bolt 
with a 2-in-square head and a 5/s-in-diam shank threaded for 
tightening nuts and collars. The assembly was made through a 
hole in the flange using mica gaskets. Extension bars made in 
various lengths of !/y-in. X 2-in. mild-steel stock were fastened 
to the square head by alloy-steel cap screws. The contact sur- 
faces were lapped to secure good electrical connection. 

With these arrangements, the bus bars were able to accom- 
modate test wires of various lengths and to position them as de- 
sired in view of the observation windows. 

The connection between the bus bars and the test wires was 
made by means of two compression blocks at each joint. The 
blocks were made of !/,-in. X 1/2-in. mild-steel stock each 2 in. 
long. The 1/2-in. faces were lapped to each other and to the 
bus-bar surface to insure good electrical connection. Each pair 
of blocks was fastened to the bus bar by two alloy-steel cap 
screws. The test wire was gripped for a 1/2-in. length between the 
two blocks. Round grooves were cold-forged in the block sur- 
face to grip the test wire without crushing. These grooves were 
made by pressing a pair of blocks together with a drill rod be- 
tween them of slightly smaller diameter than the test wire. 

In the experiments reported here, the test wires were all 
0.040 in. diam and made of nickel, tungsten, chromel A, or chro- 
mel C. The length of test wire between the bus-bar connections 
was 6 in. in all experiments. When assembled in the pressure 
vessel, the bus bars held the test wires in a horizontal position at 
an elevation about 20 in. below the water level. 
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Fic. 3 Bus Bars Usep 1n Test APPARATUS 


The electrical resistance of the circuit was concentrated in the 
test wires. The end losses were small since the results obtained 
were independent of the test-wire length. This characteristic 
was demonstrated by connecting the voltmeter leads with spring 
clips at various positions along the length of the test wire. For 
a given operating condition, the voltage drop was directly propor- 
tional to the wire length. The electrical resistance of the bus bars 
was so low that with our instruments the same voltage drop was 
observed when the voltmeter leads were clipped to the bus bars 
or to the ends of the heated test wire. In the experiments, the 
voltmeter leads were connected to the bus bars. 

Both direct and alternating currént were used to heat the 
wires and no difference was detected in the results obtained. 
Under the conditions of our laboratory, it was more convenient to 
use 220-volt single-phase 60-cycle power. The supply line was 
connected to a 7-kva variac autotransformer which provided the 
quick control necessary to regulate the boiling process. The 
secondary of the autotransformer was connected to the primary 
of a 5-kva transformer having a 5 to 1 step-down voltage ratio. 
The 5-kva secondary was connected to the bus bars. 


TEMPERATURE MEASUREMENTS 


The surface temperature of the test wire was estimated in 
three ways: (a) by using the experimental wire as a resistance 
thermometer; (b) by using a small thermocouple; and (c) by an 
optical pyrometer at high temperatures. : 

When the experimental wire was used as a resistance ther- 
mometer, the measurement of the surface temperature depended 
upon a knowledge of the temperature field within the wire. The 
analysis of the temperature field required a precise knowledge 
of the necessary physical, electrical, and thermal properties of the 
wire, and precise values of the current and voltage drop. The 
method appeared promising, but in practice, proved to require 
instrumentation beyond the facilities of our laboratory. Special 
difficulties confronted this method as the surface temperature 
of the test wire approached the melting point. Evidence was 
obtained that the core of the wire melted first and that the 
melted area could spread to points on the surface without causing 
the wire to separate into pieces. The microstructures shown 
in Fig. 4 were obtained from specimens of chromel C test. wires 
0.100 in. diam, first in the as-received condition, and then after 
glowing under water for 15 min without separating into pieces. 
Evidently the greater part of the wire had been molten under 
water, and the value of such a wire as a resistance thermometer 
appeared very doubtful. Because of these difficulties, the use of 
a thermocouple and an optical pyrometer was investigated. 

The thermocouples finally employed were made of chromel- 
alumel No. 28 gage wire. A small cylindrical thermocouple 
weld was used, and the couple was electrically welded to 
the surface of the test wire in a position normal to the test-wire 
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After glowing; X18 


Fig. 4 Microstructures or CHrRoMEL C Test WIRES 


surface. The weld was made without forming 4 fillet. The 
temperatures indicated by such thermocouples when the sub- 
merged test wire was not heated electrically agreed with the water 
temperatures given by a Weston thermometer. By heating the 
submerged test wire electrically until it was glowing, the surface 
temperature could be estimated by a Leeds and Northrup optical 
pyrometer. The results of this comparison agreed within 30 deg 
F at indicated temperatures of the order of 1500 F. Under these 
operating conditions the test wire was surrounded by a thick 
film of highly superheated steam. The thermocouple wires 
passed through this film. In so far as the eye could detect, there 
was no variation in color or brightness along the length of the 
test wire or at the thermocouple connection, and no indication of 
boiling was observed along the thermocouple wires. The availa- 
ble evidence suggests that the film of superheated steam sup- 
pressed the temperature gradient along the thermocouple wires 
situated within the film so that the conduction loss was small 
and the junction, accordingly, operated very near the surface 
temperature of the test wire. In the preparation of the test 
wires with thermocouple attached, only about one assembly in ten 
passed the following inspections: 


1 A small cylindrical thermocouple junction welded normal 
to the test-wire surface without forming a fillet. 

2 Agreement between the temperature indicated by the 
thermocouple and the temperature of the water when the sub- 
merged test wire was not heated electrically. 

_8 A uniform color and brightness along the test wire and at 
the thermocouple junetion when the test wire was glowing under 
water. ; 

4 Agreement within 2 per cent between the temperature indi- 
cated by the thermocouple and the temperature indicated by an 
optical pyrometer when the test wire was glowing under water. 


Having passed these inspections, the temperature indicated by 
the thermocouple was taken as the surface temperature of the 
wire. 

Test runs were made with the thermocouple attached at the 
top, side, and bottom of the test wire with the same results. 
Similar runs were made with the thermocouple attached at vari- 
ous locations along the length of the test wire with no difference 
in the results. In the experiments reported here, the thermo- 


couple was attached near the mid-length of the test wire at a 
point about 30 deg above the horizontal. The length of sub- 
merged thermocouple wires was about 11 in. 

.Surface temperatures obtained in this way are certainly sub- 
ject to error, but under the circumstances, they appear to be the 
best available estimates of the trie surface temperatures. 

The temperature of the water was read from a Weston ther- 
mometer and checked with the saturation temperature corre- 
sponding to the pressure. 


ANALYTICAL PROCEDURE 


The numerical observations consist of the length and diameter 
of the wire, the values of electric current, voltage drop, water 
temperature, and hot surface temperature. 

The heat transfer is 


qu BAIS: Els =aPAh Tinto. Semen tele (1] 


and the film coefficient 


q 3.413 EI 
i a (2} 
AAT ~2xDL(T,—T,,) 
where 
q = heat transfer, Btu/hr 
h = film coefficient of heat transfer, Btu/(hr) (ft?) (deg F) 
E = voltage drop in the test wire, volts 
I = current flow in the test wire, amp 
D = wire diameter, ft 
L = wire length, ft 
T, = surface temperature of wire, deg F 
T., = mean water temperature, deg F 
AT = T, — T,, = temperature drop in boiling film, deg F 
i-3 
x 
° c 
© © c 
8 g 
Dis: LOS aT ie LOG aT 
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OPERATING CHARACTERISTICS 


The general form of the experimental results is shown in Fig. 5. 
The boiling process was stable from A to B and from C to D, 
and unstable between B and C. After increasing the energy 
input from A to B, a further increase caused the wire tempera- 
ture to rise as much as 1000 deg F, and the boiling process would 
attempt to come into equilibrium at some point # above the 
melting point of the experimental’ wire. When the energy in- 
put was quickly lowered before the wire could melt, the boiling 
process would reach equilibrium at some point such as D. The 
energy input could then be regulated for various conditions be- 
tween D and C. Starting at C with slowly applied increases of 
energy, it was fréquently possible to move the boiling process 
through the conditions between C and B. Starting at F in the 
unstable region, a quickly applied increase of energy would cause 
the boiling process to shift to some point such as G, and con- 
versely, a quickly applied decrease of energy would cause the 
boiling process to shift to some point such as H. For energy 
inputs between B and C, there were three possible values of AT’, 
the melting temperature of the wire permitting. 


VISUAL OBSERVATIONS 


From visual observations of the boiling process, it was possible 
to identify at least six different variations corresponding to 
different regions along the boiling curve. The transition from 
one type into another, though gradual, is represented by Jines in 
Fig. 6. The different types of boiling are described as follows: 


I For AT values from 0 up to about 4 F, steam was pro- 
duced by vaporization at the liquid-vapor interface. The heat 
transfer from the metal surface to the liquid took place by con- 
duction and single-phase convection which maintained an upward 
flow of superheated liquid. 

II Ebullition began at a AT value of about 4 F. For values 
of AT from 4 to about 11 F, many small spheroidal bubbles would 
leave the metal surface, some combined to form larger bubbles, all 
condensed in superheated liquid before reaching the liquid-vapor 
interface. The boiling was nucleate in the sense that the 
bubbles originated at favored spots on the metal surface. Care 
was taken to insure the absence of subcooled liquid. 

Ill For values of AT from 11 to about 65 F, nucleate boiling 
was observed. Larger and more numerous bubbles were gene- 
rated, and they were able to transport steam to the liquid-vapor 
interface. Whether these bubbles increased or decreased in 
size could not be observed since several bubbles would almost 
- invariably combine before reaching the interface. 

IV For values of AT from 65 to 400 F, an unstable steam 
film formed around the wire, and large bubbles originated at the 
outer upper surface of this film. This steam film was not me- 
chanically stable, and under the action of the circulation cur- 
rents the film appeared to collapse and re-form rapidly. The 
presence of this steam film provided additional resistance to heat 
transfer, and reduced the value of the heat-transfer coefficient. 

V_ For values of AT from 400 to 1000 F, the steam film 
around the wire was stable in the sense that it did not collapse 
and re-form repeatedly. The shape of the outer surface of the 
steam film varied continuously under the action of the circula- 
tion currents and the rapid discharge of steam bubbles. . 

VI For values of AT above 1000 F, the influence of radiation 
became pronounced. In this region the wire was observed to 
radiate visible light. The steam film was very stable me- 
chanically, and the orderly discharge of bubbles suggested (a) 
that the frequency and location of bubble origination was con- 
trolled by factors operating at the outer surface of the steam 
film, and (6) that ‘favored spots” along the wire were without 
effect. 
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Fig. 7 shows in sketch form the phenomena observed in the 
different regions along the boiling curve. Photographic observa- 
tions were tried with disappointing results. : 

The foregoing descriptions and sketches apply for atmospheric 
pressure. At elevated pressures, the corresponding values of 
AT along the boiling curve were modified as shown by the data. 
The appearance of the boiling process under pressure paralleled 
the descriptions. In general, the bubbles were smaller, the films 
thinner, the circulation less. 

Since the same rate of heat transfer can be obtained with any 
one of three different values of AZ’, it was possible to operate a 
wire with sections at any one of three different temperatures. 
This type of operation was used to observe the shape and be- 
havior of the axial end of the steam film. The middle portion 
of an experimental wire was heated to incandescence, and a steam 
film described as type VI was established. The wire on either 
side of this glowing section was operated at a lower value of AT’ 
corresponding to type III boiling. The change from film to 
nucleate boiling at both ends of the incandescent section was 
sharp. The end of the film was funnel-shaped as shown in Fig. 
8. On the liquid side of the funnel, no bubbles were observed 
for a short distance along the wire, which suggested that the 
heat transferred in this section was absorbed by superheating 
the liquid. Only the ragged end of the funnel cone gave off 
bubbles, and they were discharged at a rather high velocity in 
the axial direction. This type of film-end boiling was a-noisy 
process and at times caused the wire and its supports to vibrate. 


EXPERIMENTAL RESULTS 


Test data were taken at 0, 25, 50, 75, and 100 psig. In all tests 
the wires were 6 in. long, 0.040 in. diam, and were operated in a 
horizontal position at a point 20 in. below the water level. The 
results for chromel C, chromel A, and nickel are plotted in Figs. 
9, 10, and 11, respectively. A comparison of the boiling curves 
at 0 psig for chromel C, chromel A, nickel, and tungsten is shown 
in Fig. 12. The test data are given in Table 1. 


REPRODUCIBILITY OF EXPERIMENTAL RESULTS 


When new test wires were required, they were made to glow 
under water for about 15 min, after which previous test results 
could be duplicated. One demonstration of this characteristic 
was the comparison of six test runs made with different wires 
on different days. The test data are given in Table 2, and 
plotted in Fig. 13. These test wires were made of chromel C, 
0.040 in..diam X 6 in. long, and were operated in a horizontal 
position under atmospheric pressure plus 20 in. of water. 


WIRE-SURFACE-FINISH MEASUREMENTS 


Preliminary studies of the wire surface have included measure- 
ments of the surface roughness of chromel C wires as-received, 
and after glowing under water for 15 min. The surface profiles 
shown in Fig. 14 were made by Mr. Paul Ogden with a Type 
SA2 Brush surface analyzer, and the root-mean-square roughness 
was measured with a type BL-105 meter. The trace was made 
parallel to the wire axis. The wires were 0.102 in. diam. The 
roughness expressed in root-mean-square microinches at 8 loca- 


_ tions on each wire was as follows: 


Rms Maximum Mean Minimum Max/Min 
As-received 54 30.5 7 7.14 
Glowing 15 min. * 64 43.5 20 2.78 


These measurements indicate that after glowing under water for 
15 min, the mean roughness of the wire surface was increased 42 
per cent, and the range of roughness was decreased 61 per cent. 
The small increase in mean roughness was not considered sig- 
nificant, but the large increase in uniformity of the roughness and 
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TABLE 1 DATA FROM TESTS ON CHROMEL C, CHROMEL A, NICKEL, AND TUNGSTEN WIRE 
(All wires 0.040 in. diam and 6 in. long. Wires held horizontal and 20 in. below water level) 
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TABLE 1 (Continued) 
E I Q/A At 
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TABLE 1 (Continued) 
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540500. 
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July 2, 1946, nickel, 75 psig, Tw 
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TABLE 2 COMPARATIVE DATA FROM SIX TEST RUNS ON DIFFERENT WIRES ON DIFFERENT DAYS 
(Six chromel C wires with pressure 0 psig. All wires 0.040 in. diam and 6 in. long. Wires held horizontal and 20 in. below water level) 


. 
E I Q/A AT h 7 I Q/A eva h 
Wire No. 3. April 18, 1946 - Twes 212° F. 
Wire No. 1, April 10, 1946, Tw = 212° F. 
«00326 0189 04 +22 18 
-00747 204,32 wed api 41 
.00182 +0106 O01 212 +10 024, ASE 2615 1.39 1.55 
00228 0132 OL 13 wD LOS 2598 40.2 4.10 10.2 
+00557 +0322 le 239 «30 465 PfP2 832 9.30 88.5 
0117 0678 ee 76 6 1.77 10.3 11890 18.8 632 
- 0496 +287 9.27 2.26 41 Bras Bie 110000 28.9 3810 
. 160 2926 907, FOS 19.2 7.52 43.8 214,800 34.1 6300 
-712 hes 1910 Met 172. 11.6 67.6 512500 51.0 10050 
2.29 V3 19980 20.1 993 hy 82.2 7551,00 67.5 11200 
4.97 28.8 93500 29.1 3210 16.1 93.2 977000 81.0 12060 
6.05 G2 138800 34.0 4,080 N57 ejlplh. 865000 115 7520 
9.27 53.6 324,000 40.5 8000 Fel} Lik 190200 241 790 
10.10 59.0 388800 48.0 8100 .70 Oras 84,000 410 205 
11.25 65.6 481000 54.0 8900 3.60 Paleo, 4.9300 783 63 
WE 76.8 665000 60.1 11050 4.10 2356 63800 1160 55 
Tee es ai eeee a 19990 4.88 28.2 89600 1690 53 
14.40 83.6 783000 153 5190 7356 44.0 216500 2165 100 
11.10 64.2 465000 193 2410 
5.43 31.4 111200 372 299 i ai i ~ oF, 
3:79 23.8 58800 246 1 Wire No. 4., April 19, 1946, Tw 212° F 
3.7 Plo 53600 1050 51 .00171 -009 202 .10 wall 
3.84 19.8 109000 1880 58 .00219 Tee .02 Ties ne 
6.67 3764 164000 2000 82 00277 0162 .03 219 antes 
90831 0482 02 258 AD 
ie ey LO. 2.30 4.3 
: 2 177 .92 0 
Wire No 2., April 11, 1946, TW+ 212° F. B25 18.9 14,0000 Page Ay 
3.84 22.4 55950 Ces 2210 
7°09 07:8 256000 3912 «6830 
\ : ‘ 39. 530 
00261 .0150 02 18 14 11,35 65.6 485000 51.8 9370 
00675 0392 17 49 35 13.30 77-0 666000 60.0 11100 
+0173 0998 115 1.10 1.05 15.80 91.6 91,2000 77.8 12100 
208 438 15.6 2.79 5.61 16.20 94.0 994,000 1¢9 9120 
oily 1,02 as 52 59 eae al 14.65 85.2 813500 133 6210 
-§80 9-08 2910 13.1 222 12.80 7h.2 617500 172 3590 
2.89 16.8 31600 22.9 1380 5.85 10.2 153100 287 533 
6.12 35.6 141900 31,8 460 3.94 2310 59100 519 ily 
G.68 2469 235000 3802 6150 i,.00 23.2 60500 605 100 
12.0 69.6 54,6000 shoo) 10200 3.65 Pillay: 55,00 710 71 
nee (ee eee SHC mY 3.99 23.0 59800 1220 49 
ape eee es ee HS 6.45 37.6 158000 2060 76 
13.8 79.8 715500 159 1,500 8.10 47. 248000 2215 112 
Wal 70.4 555000 178 3120 
Bas5) 33.9 129000 322 401 
BOT evaly 51200 610 8h A 
3.94 22.8 58500 1220 48 Wire No. 5., April 25, 1946, data given in Table 1. 
7922 42.0 197500 2100 94 


TABLE 2 (Continued) 
E I Q/A A h 
Wire No 6., May UPB 1946, TW es 212° F, 


«00208 0121 02 i 212 
00276 0161 03 3 14 
-00485 -0280 +09 31 228 
-O144 0834 -78 91 -86 
-0398 -230 5.96 1.93 3.09 
+0737 2427 20.5 3.05 6.72 
0143 ae Osa 771 4.56 16.9 
232k 1.88 398 7.65 52 
1.255 7.26 5945 15.2 391 
3.50 20.2 46160 22.2 2080 
579 ee 126000 30.6 4010 
7255 43. 216000 35.4 6100 
10.7 61.8 4.30000 46.2 9310 
13.6 78.4 694,000 62.5 11100 
15.7 91.2 934500. 89 10500 
13.6 79.0 701000 169 4150 
6.20 35.8 144600 295 490 
3.56 20.8 48300 895 5k 
4.58 26.8 80050 1510 53 > 
6.86 39.8 178000 2170 82 
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BONING CURVES 
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HEAT TRANSFER COEFFICIENT 
UNDER PRESSURE 


oF °°, 25, 50, T5, 100 PSIG. 


Fie. 11 Borine Curves or Nicket Test Wire 
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- Fic. 12 Comparison or Bornine Curves or Caromen C, CHROMEL A, NickeL, AND Tunasten Test WIRES 
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the more fine-grained character of that roughness, as. shown by 
the profile trace, was thought to be a contributing factor in ex- 
plaining the reproducibility of data after the wire had been made 
to glow under water. 

The available roughness measurements have suggested as a 
working hypothesis that the more uniform and fine-detailed 
roughness of a wire surface, produced by heating the wire to 


or 


BOILING CURVE 

OF CHROMEL Cc 
HEAT TRANSFER 
ATMOSPHERIC PRESSURE 

DATA FROM 6 INOEPENOENT RUNS 


COEFFICIENT 


13. Comparison or Srx Test Runs Wits DirrerRentT Wires ON DirreRENT Days 


incandescence under water, largely accounts for the reproduci- 
bility of the heat-transfer data from such wires. 


CONCLUSIONS 


A number of conclusions can be drawn from these preliminary 
experiments, as follows: 


1 The boiling curve was found to be continuous over a wide 
range of metal surface temperatures, and the form of the curve 
remained the same. As the value of AT’ was increased from 0, 
the value of the heat-transfer coefficient increased to a maxi- 
mum, then fell to a minimum, from which it increased steadily 
until the metal failed by melting. 

2 Atthesame pressure, different metals gave different numeri- 
cal values for the boiling curve. 

At atmospheric pressure and a AT’ of 10, the heat-transfer 
coefficient was 100 for chromel C, 500 for tungsten, 3300 for 
chromel A, and 20,000 for nickel. 

3 At different elevated pressures, the same metal gave differ- 
ent numerical values for the boiling curve. 

For chromel C and a AT of 10, the heat-transfer coefficient was 
100 for 0 psig, 1200 for 50 psig, 8000 for 75 psig, and 90,000 
for 100 psig. 

4 The mechanism of the boiling process is different for dif- 
ferent parts of the boiling curve. 

The boiling process at atmospheric and elevated pressures was 
observed, described, and illustrated in the paper. 

5 The mechanism of the boiling process permits ‘he same 
heat-transfer rate with three different values of AT’. 

For chromel C at atmospheric pressure, a heat-transfer rate 
of 100,000 Btu/(hr) (ft?) was allowed at AT values of 30, 430, and 
1650 F, the corresponding values of the heat-transfer coefficient 
being 3330, 232, and 60.5. The presence of such boiling condi- 
tions may explain certain industrial operating phenomena. 

6 The electrically heated, submerged-wire method of study- 
ing the boiling process is promising, and its further use and de- 
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velopment should be encouraged. The precision of the surface 
temperature measurements should be increased. 


ACKNOWLEDGMENT 


These experiments are part of a research project in the Univer- 
sity of Missouri Engineering Experiment Station and were begun 
in 1937. 

The authors are indebted to Mr. John Thurlo for assistance in 
the design of the elevated-pressure apparatus, and to Mr. Paul 
Landtiser for the water control. The authors are most grateful 
to Mr. Paul Ogden for his measurements of wire surface finish 
and his photomicrographs of wire sections. 


BIBLIOGRAPHY 


1 ‘Heat Transmission,” by W. H. McAdams, McGraw-Hill 
Book Company, Inc., New York, N. Y., second edition, 1942, pp. 
294-339. 

2 “The Basic Laws and Data of Heat Transmission,” by W. J. 
King, Mechanical Engineering, vol. 54, 1932, pp. 560-563. 

3 “Heat Transfer in Evaporation and Condensation,’’ by Max 
Jakob, Mechanical Engineering, vol. 58, 1936, pp. 643-660. 

4 “Boiling,” by T. B. Drew and A. C. Mueller, Trans. AIChE, 
vol. 33, 1937, pp. 449-473. 

5 “Maximum and Minimum Values of Heat Transmission From 
Metal to Boiling Water Under Atmospheric Pressure,’’ by S. Nuki- 
yama, Journal of the Society of Mechanical Kngineers, Japan, vol. 
36, June, 1934, pp. 367-3874. Abstract in English, ibid., pp. S53-S54. 


Discussion 


R. C. Corny.‘ The results obtained by the authors for the 
variation of the heat-transfer coefficient, h, as a function of the 
temperature gradient between the heater and the liquid, are ex- 
tremely interesting and thought-provoking. That heat-transfer 
rates as high as 1,000,000 Btu per hr and sq ft could be attained 
with temperature differences of the order of 10 deg F, as noted 
for chromel C at a gage pressure of 100 psi, suggests lines for 
fundamental research on the heat-transfer characteristics of the 
steaming surfaces of boiler tubes at pressures up to 2000 psi. 
To date, estimates of the temperature gradient between the fluid 
and the tube metal in furnace wall tubes absorbing heat at 
rates of the order of 100,000 Btu per hr and sq ft are based upon 
assumed film coefficients between 5000 and 20,000, and therefore 
are subject to considerable controversy. 

The authors mention that the wire temperatures were deter- 
mined independently by means of thermocouples and an optical 
pyrometer, and that at 1500 F, the two methods agreed within 
30 deg F. However, they concede inherent errors in the thermo- 
couple method but neglect to state that measurements with the 
optical pyrometer also may be seriously in error, depending upon 
whether the radiator is surrounded by a hotter or a colder en- 
vironment and upon the temperature and emissivity of the 


wire.> Since the interpretation of the results depends to some. 


extent upon accurate determinations of the temperature gradient, 
particularly in the regions where the minimum occurs in the h- 
values, it would seem desirable to investigate more thoroughly 
the errors in the temperature measurements. 

It is stated in the paper that in zone II, “.. . many small 
spheroidal bubbles would leave the metal surface, some combined 
to form larger bubbles, all condensed in superheated liquid before 
reaching the liquid-vapor interface.’ It is not clear to the 


* Supervising Engineer, Combustion Research Section, Central 
Experiment Station, Bureau of Mines, Pittsburgh, Pa. Published 
by permission of Director, Bureau of Mines, U. S. Department of 
the Interior. 

° “Errors in Temperature Measurement by Radiometric Measure- 
ments,” by W. T. Reid and R. C. Corey, Combustion, vol. 15, Feb- 
ruary, 1944, pp. 30-34. 
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writer why the authors assume the liquid to be superheated. 
Condensation of the bubbles would occur if the temperature 
of the liquid were not uniform. 

Since the h-value for given temperature gradients was influ- 
enced markedly by the composition of the heater wire, and the 
maximum value was a function of pressure, some explanation for 
the abrupt cutoff for tungsten wire, which is shown in Fig. 12, 
would be desirable. 

The marked difference found for the heat-transfer characteristics 
of chromel A, chromel C, and nickel wires is of considerable in- 
terest. Larson’s work® with metallic ebullators, in which he 
studied the phenomena of liquid superheat and of nucleate boiling 
in connection with heat transfer, suggests that the important cri- 
terion of good ebullators is nonwettability and that physical 
roughness or porosity of the surface did not appear to be a factor. 
Since he found marked variations in superheat for different metals 
and alloys, it seems likely that the nature of the surface as re- 
gards the valence type and the crystal structure of the phase 
comprising the surface may influence strongly the adhesion-free 
energy of the surface. In the authors’ experiments, the marked 
differences found between chromel A and chromel C, which are 
essentially chromium-nickel alloys, leads one to suspect that pre- 
treatment of the wires under water, to secure reproducible results, 
resulted in oxide phases of different compositions for the two 
alloys. It is well known that oxidizing treatment of single-phase 
chromium alloys leads to diffusion of the elements to the surface 
at different rates, with the result that the ratio of the metal ions 
in the surface oxide may be quite different from that of the parent 
metaJ.7 


W.H.McApams.® This paper presents data over a wide range 
of temperature differences for water boiling on four different metal 
surfaces. It represents a substantial contribution to the litera- 
ture in the rather poorly understood field of heat transfer to 
boiling liquids, both at atmospheric pressure and elevated pres- 
sures. 

In view of the interest in this field, it is hoped that the authors 
will publish the original data and not merely plots of coefficients 
versus temperature difference. It is difficult to read these 
plotted values with reasonable precision, in view of the number 
of logarithmic cycles required in the graphs. It is believed that 
other workers. would appreciate complete tables of data, show- 
ing run number, wire material, wire diameter and length, location 
of voltage taps, power dissipated from wire, type of electricity 
(dc or ac in each case), location of thermocouples on each wire, 
pressure, temperature of the liquid, whether or not fouling or 
discoloration of the wires occurred, and readings by optical pyro- 
meter (when used). 

The significance of readings of thermocouples attached directly 
to a cylinder carrying either a-c or d-c electricity, has long been a 
matter of conjecture, since the drop in applied voltage across the 
width of the thermocouple might not be negligible to the voltage 
set up by the thermocouple. 

Surely some heat is conducted from the power wire along the 
leads of the thermocouples and dissipated to the liquid, causing 
the heat-flux density and coefficient, based only upon the area 
of the power wire, to be too high. When the electrically heated 
wire was quite hot, was any boilig noted from the leads of 
the thermocouple? Even though temperatures measured by 
a thermocouple agreed within 30 deg F with those obtained by 


6 “Factors Affecting Boiling in a Liquid,” by R. F. Larson, Indus- 
trial and Engineering Chemistry, vol. 37, 1945, pp. 1004-1009. 

7 “Corrosion by Hot Gases,” by R. C. Corey, Combustion, vol. 15, 
November, 1943, pp. 34-39. ; 

8 Professor, Department of Chemical Engineering, The Massa- 
chusetts Institute of Technology, Cambridge, Mass. 
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the optical pyrometer, if the latter were sighted on the thermo- 
couple, errors due to conduction in the leads might still be sub- 
stantial, since both measured temperatures might be significantly 
lower than that of the wire with no thermocouple attached. 
Would the authors care to give a quantitative estimate of the 
errors caused by conduction in the leads, and to report any 
measured gradients in temperature along the test section of the 
power wire? 

Because of the possibility of error in temperature measurement, 
it would be safer to plot heat-flux density versus temperature, 
rather than coefficient versus temperature in order to isolate any 
possible error in the abscissa. 


E. P. Parrripar.? Any attempt to correlate what happens at 
the surface of a horizontal electrically heated wire 6 in. long 
and 0.04 in. diam with what happens on the internal surface of a 
vertical boiler tube 50 ft long with an internal diameter of 0.92 
in. must seem a mere exercise of the imagination. Nevertheless, 
the film boiling produced in the laboratory by the authors of this 
paper differs only in magnitude and in detail from the film boiling 
observed by Davidson, Hardie, Humphreys, Markson, Mum- 
ford, and Ravese, published in their important paper five years 
ago.1l0 

Fig. 30 of that paper indicates the existence of a ‘“‘hot spot” 
part way up the vertical 50-ft wall tube, with normal tempera- 
tures above and below this limited region of overheating. In 
their discussion of this figure, Davidson, et al, say, ‘““‘The value 
of At rose above the limits of the chart shortly after point 10 and 
returned to normal values at point 16. It is in this length of the 
tube that steam-blanketing or thé co-existence of continuous 
phases of vapor and liquid is assumed.” 

The present authors appear to have duplicated, under labora- 
tory conditions, the creation of a localized region of film boiling. 
Even though they heated a portion of their experimental wire to 
incandescence to produce this condition, the temperature of the 
metal surface may not have been much higher than that indicated 
by the microstructure of some boiler tubes which have failed in 
service at localized hot spots. 


F. B. Scunerper.!! In so far as the test arrangements are 
concerned, one of the most important measurements is the de- 
termination of the temperature of the wire surface and of the 
mean temperature of the water. It is believed that if a typical 
test reading were published it would help to answer some of the 
questions in the mind of the reader. In the absence of this in- 
formation, the writer would be interested to know the answers 
to several questions. 

Every precaution has been taken to assemble the thermo- 
couples correctly to the wire, according to the best-known prac- 
tice. They were attached at right angles to the wire and at 
various positions around the perimeter. It was found that such 
a location does not cause a variation of the temperature. This 
agrees with previous experiments in so far as higher temperature 
differences are concerned. However, at lower temperature dif- 
ferences between metal and water, substantial variations of 
the wire temperature at various positions around the perimeter 
have been observed in previous tests with tubes of 1/2 in. diam 
and larger. Since the wires of this investigation had a diameter 
of 0.040 in., it would be valuable to know for what diameters the 
influence of the location of thermocouples can be noticed. 


9 Director of Research, Hall Laboratories, Inc., Pittsburgh, Pa. 

10 ‘Studies in Heat Transmission Through Boiler Tubing at Pres- 
sures From 500 to 3300 Pounds,”’ by W. F. Davidson, P. H. Hardie, 
C. G. R. Humphreys, A. A. Markson, A. R. Mumford, and T. Ravese, 
Trans. ASME, vol. 65, 1943, pp. 553-591. 

11 Locomotive Engineering Division, General Electric Company, 
Erie, Pa. Mem. ASME. 


The presence of the thermocouple wires causes deflection of the 
circulation currents around the wire which has led to misleading 
results in previous experiments. From the illustrations and from 
the description it is not clear where the thermocouples were 
fastened longitudinally. The writer believes that the correct 
location would have been at the center of the wire, in order to 
avoid the cooling effect of the bus bars and of the walls. How- 
ever, special tests would have to be carried out to determine the 
effect of circulatory disturbances. In this investigation the 
readings of the thermocouples were checked with thermometers 
only at noncirculating flow. - 

The mean water temperature was measured by a thermomete 
suspended above the center of the horizontal wire, as shown in 
Fig. 1 of the paper. Since this will measure the temperature of 
the warm current of water and of bubbles rising from the wire 
before the current is dispersed by the circulatory motion, the 
recorded temperature difference between wire and water will be 
a minimum. If the thermometer, was located above the center 
of the wire, but laterally displaced toward the wall, probably 
higher temperature differences would be obtained. The differ- 
ence in readings may be important at low values of AT. The 
distance between the thermometer and the wire is also important 
since the temperature of the rising current varies with height. 
Therefore the writer would appreciate any information about 
temperature traverses in the vessel during the tests. 

The influence of the type of water used in the test is considera- 
ble. With the use of distilled water, the heat-transfer coefii- 
cient may be 25 per cent lower than with contaminated water. 
Also, a film of oil on the wire may reduce the heat-transfer values 
considerably within the temperature range of tests previously 
taken. In this investigation the wires were subjected to glow 
for 15 min before the tests were started. This may have caused 
a thermal decomposition of the oil with an accompanying in- 
crease of heat transfer due to scaling. If tests have been under- 
taken to determine the influence of distilled water, water with 
special agents, wires free of oil before glowing, and wires with an 
oil film before glowing, the writer would be indebted to the au- 
thors for publishing them. 

From the ‘‘Visual Observations’ as described in item II andshown 
in sketch II of Fig. 7 of the paper, we learn that small spheroidal 
bubbles combine to form larger bubbles. Previous publications 
of similar observations maintain that the bubbles. grow rapidly 
from small into larger ones. According to McAdams, the super- 
heat is consumed in vaporizing additional] liquid, thus increasing 
the volume of the bubble. He substantiates his statement by 
referring to the stroboscopic photographs of Jacob and Fritz 
who measured the increase in volume of typical bubbles. They 
obtained an increase of up to 4500 per cent of the original volume. 

In addition, the writer cannot agree with the authors that the 
larger bubbles condense in the superheated liquid before reaching 
the liquid-vapor interphase. Since the heat transfer into the 
liquid is considerably higher than into vapor, the temperature 
of the vapor in the bubble, even if superheated, must be lower 
than the temperature of the liquid. This temperature gradient 
permits the evaporation of. additional liquid whereby the re- 
maining part could be cooled to the temperature of the vapor in 
the bubbles. Then this process is terminated. The bubbles 
attained maximum size. In order to condense the vapor in the 
bubbles completely, the temperature of the surrounding liguid 
must be below the saturation temperature of the vapor. Theret- 
fore in the region where the bubbles disappear the liquid cannot 
be superheated. On the contrary, the temperature of the 
liquid must be subcooled. Since no other heat loss can occur, 
the only explanation is the mixing of the previously superheated 
liquid with cooler liquid in the apparatus which did not pass the 
hot wire. At this stage of the boiling process, the location of 
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the thermometer which determines the mean temperature of the 
water isimportant. At higher values of heat dissipation, the total 
amount of water in the vessel becomes superheated with the 
result that condensation of vapor is impossible. The bubbles 
reach the liquid-vapor interface of the liquid as described in item 
III. 

In Fig. 8 of the paper the authors describe the very interesting 
formation of a funnel-shaped film and observe that no bubbles 
appear close to the glowing wire. In one section the authors re- 
mark that the wire was heated to incandescence. If this means 
the radiation of white light, the temperature of the wire must 
have been above 1500 F, which agrees with the authors’ state- 
ment that A7’ was above 1000 F in sketch VI, Fig. 7. If these 
temperatures were above 2500 F, the dissociation tempera- 
ture between hydrogen and oxygen, it is possible that the film 
around the wire, as shown in Fig. 8, did not consist entirely of 
steam, but also of hydrogen and oxygen. The high velocity 
of the bubbles and the noise may indicate explosive combustion of 
the hydrogen-oxygen-gas mixture. 

The data derived by the authors and illustrated in Figs. 9 
to 12 of the paper can be compared with similar information in 
the region of atmospheric pressure only. The test results of this 
investigation furnish film coefficients of heat transfer of 11,000 
to 30,000 Btu per hr sq ft deg F for chromel C and A at critical 
temperature differences of from 20 deg F to 70 deg F. The 
authors found a maximum film coefficient of 25,000 Btu per hr 
sq ft deg F ata critical temperature of 30 deg F for nickel. Mc- 
Adams published values for chrome-plated copper of from 3300 
to 8600 Btu per hr sq ft deg F at 45 deg F, and for nickel-plated 
copper of from 3800 to 8200 Btu per hr sq ft deg F at 50 F to 42 F 
at atmospheric pressure. Chromel C attained approximately 
the same film coefficients as the maximum values reached for 
chrome-plated copper. However, chromel A and nickel show 
values which are far above similar results. On the other hand, 

.the critical temperature difference for chrome] C is 70 deg F, 
while the highest critical temperature difference previously known 
for metal in water is about 55 deg F. 

Nickel and chromel A show a critical temperature difference of 
approximately 20 deg F, which is one half of the hitherto known 
value. Since the maximum values of the film coefficients found 
by the authors for chromel A and nickel are very high, multiples 
of those for chromel C, copper and steel, the writer would appre- 
ciate knowing upon what characteristics of the materials or 
the liquid the authors base their explanation for this outstanding 
result. A duplication of their findings would be extremely valua- 
-ble in commercial evaporative processes. 

On the other hand, at a temperature difference of 5 deg F, the 
values of the film coefficients of heat transfer at atmospheric 
pressure are from 20 to 500 Btu per hr sq ft deg F while previous 
tests furnish data of 220 to 700 Btu per hr sq ft deg F. About 
220 seemed to be normal. Therefore it is remarkable that 
chromel C and tungsten have such low coefficients as 20 and 50 
Btu per hr sq ft deg F. 

In conclusions 1 and 2 of the paper, the authors describe the 
standard boiling curve. It would have been valuable to sub- 
stantiate by test that this curve can be straightened into a flat 
line from zero AT to critical AT at the maximum heat-transfer 
coefficient with sufficient agitation at both atmospheric and 
elevated pressures. Furthermore, it is not known if this line 
extends over the critical temperature and continues until it meets 
the rising branch of the boiling curve (see VI in Fig. 6). In 
conclusions 3, the authors furnish data of the remarkable in- 
crease of heat transfer by increasing the pressure to 50 or 100 psi. 

As a detail matter, the writer would like to mention that at 
AT = 10, h = 500 for tungsten as per Fig. 12, and not 155 as 
described. 
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In concluding the discussion, the writer believes that the in- 
dustrial world connected with evaporative processes is indebted 
to the authors for their important findings which may well 
stimulate further research in this particular field. Although 
there are many questions which remain unsolved, the results 
shown in this paper can be used immediately and to great ad- 
vantage in commercial applications. 


B. J. Cross!2 anp W. 8. Patrerson.!’ -Research work such 
as that reported by the authors is a valuable contribution to the 
technical literature when it confirms the work of earlier investi- 
gators or extends the investigation into unexplored regions as 


‘the authors have done by working up to 100 psi with extremely 


high rates of heat flow. Such work is particularly valuable if the 
results lead to conclusions and recommendations for application 
to industrial-equipment design problems. However, the writers 
would like to have the authors explain the following: 

1 The authors present data which show that different metals 
give different boiling curves and different film coefficients. Is 
this not more a function of surface condition than a function of 
the composition of the wire? It is stated that for any wire the 
results could not be duplicated until the wire was first conditioned 
by heating to redness when immersed. Was the surface finish of 
all test wires identical before and after use for the boiling tests? 
What were the “visual and thermal inspections” which led to the 
rejection of 9 out of 10 test-wire assemblies? 

It is known that practically all metals are chemically attacked 
by water. Therefore it is reasonable to expect that the four 
metals used in the heating elements would each be differently 
attacked and each would have a different surface condition. 

It would also be expected that mild steel, the material most 
commonly used in commercial heat-transfer apparatus, would 
give other values for film coefficient than those reported. 

If this suggested explanation of the difference in the results 
with the four wires used is true, then the composition of the water 
would be a factor. Has this been given consideration? 

2 Could the condensation of steam bubbles as described in 
item II of “Visual Observations’ be due to heat losses from the 
pressure vessel, which would result in nonuniform water tem- 
perature throughout the vessel, particularly at low rates of boil-. 
ing? . It seems difficult to account for bubble condensation by the 
method suggested by the authors. 

3 The authors state that circulation was less at elevated 
pressure compared to atmospheric pressure. Does this refer 
to observed velocity of the bubbles flowing upward from the wires 
or water velocity approaching or passing the test wire? That 
less circulation produced thinner films is contrary to what we 
would expect. ‘ 

We agree with the authors that their method of studying the 
boiling process is promising, and its further use and development 
should be encouraged. The use of a single horizontal wire may, 
however, give results which are different from what would be 
obtained with a bank of horizontal wires or tubes (to simulate a 
commercial evaporator). In the latter case, the circulation con- 
ditions would be different in many respects depending upon tube 
arrangement and width of lanes between tubes. Evaporation 
from the inside or outside of vertical tubes could be simulated 
by mounting the test wire vertically and enclosing it in a tube to 
force the steam generated to increase velocity as it approached 
the top of the test wire, thereby duplicating to a certain extent 
conditions which exist in vertical boiler tubes. 

Some relationships pertaining to maximum values of At, h, and 
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q/A are plotted in Figs. 15 to 18, inclusive, of this discussion, using 
data from the authors’ curves. Although the shape of the curves 
for h maximum, Fig. 15, and At at maximum h, Fig. 16, are 
quite similar for the three metals when plotted against pressure, 
the curves for g/A at maximum h (Fig. 17), are not similar. 
For two of the metals, a maximum point appears at 90 psi, above 
which the total heat flux drops off. The same phenomenon is 
illustrated when g/A maximum is plotted against pressure, Fig. 
18. Do the authors have any explanation for these phenomena 
or for the fact that their data show more than twice the maxi- 
mum heat flux for chromel C than for nickel heating surface? 

It is interesting to note that heat-transfer rates in excess of 
1,000,000 Btu per hr per sq ft were obtained with nucleate boiling 
and with temperature differences of the order of 10 to 20 deg F 
between boiling surface and fluid. 


AutTHors’ CLOSURE 


This paper was accorded encouraging and thoughtful discussion 
at Chicago, and the foregoing discussers have submitted their 
remarks for publication. 
their interest in the subject and their helpful comments. 

The manuscript has been extended for publication to include 
the original. data in accordance with Professor McAdams’ sug- 
gestion, and other items of general interest have been added. 
Since the questions raised by the discussers are quite similar, our 
reply has been directed to those topics. 


The authors thank all discussers for _ 
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Condensation of Zone II Bubbles 


The type II boiling mechanism was observed in the open jar 
shown in Fig. 1 and in the tést apparatus shown in Fig. 2. The 
test apparatus was very heavily insulated, and by means of the 
electric immersion heater in the vertical header, the whole water 
content of the apparatus was brought slowly to a streaming con- 
dition at the desired test pressure. The heat loss was so small that 
tests:could be made without operating the immersion heater. 
The thermometer well used in the measurement of the water 
temperature was located about midway between the experimental 
wire in the pipe-cross and the vertical header containing the steam 
space. Since the water temperature checked the saturation tem- 
perature corresponding to the pressure, it was concluded that 
the small currents of superheated liquid steaming upward from 
the test wire to the liquid-vapor interface in the header had been 
well mixed before passing the thermometer well. 

When operating at elevated pressures, a novel check on the 
absence of subcooled liquid in the test section of the pipe-cross 
was available. Strong illumination was arranged at one sight 
glass so as to floodlight the whole test section as observed from 
the opposite sight glass. With the test wire not operating, the 
saturated water was clear and free of steam bubbles and striations. 
Then by valving off steam, the pressure was reduced’ until the 
first vapor bubbles appeared. These bubbles were of the nucleate 
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type formed at favored spots. The observed even character of the 
distribution of these bubbles throughout the interior surfaces of 
the test section was considered strong evidence against the pres- 
ence of undercooled surfaces and pockets of subcooled water. 


Much closer inspection of the boiling process was possible . 


when using the open jar of Fig. 1, and many hours have been 
spent in such observations. To insurg against the presence of 
subcooled liquid, eight or more thermometers were placed 
throughout the water, and the jar was covered with insulation in 
which inspection doors were provided. Under these conditions, 
the authors and their associates have often observed the type IT 
boiling mechanism with the same results. The bubbles were origi- 
nated at favored spots and with few exceptions were very small, 
suggesting a mist. The tendency for these bubbles to combine 
before condensing was later observed to be less frequent than 
at first believed. Condensation of the zone II bubbles was always 
completed within a few inches of the test wire. 


Temperature Measurements di 

The water temperature was influenced by the location of the 
thermometer. Referring to Fig. 1, for locations directly above 
the test wire, the temperature was somewhat higher due to the 
presence of superheated liquid in this region. Quite uniform 
water temperatures were observed at locations to the side and 
below the test wire. In the test apparatus shown in Fig. 2, the 
thermometer well was located at a point 16 in. distant horizontally 
from the center of the test wire in order to minimize the influence 
of superheat on the observed water temperature. 

Regarding the test wire thermocouples, no evidence of boiling 
was observed along the thermocouple wires. With the limited 
facilities of our laboratory, the construction of a test wire and 
thermocouple assembly was so difficult for our students that no 
attempt was made to further complicate the construction by 
fastening secondary thermocouples to the wires of the primary 
thermocouples in order to observe the operating gradient. 

As to the effect of test-wire diameters above 0.040 in. on the 
uniformity of the surface temperature around the wire, some 
experiments have been made with 0.102-in-diam wires and very 
nearly uniform temperatures were observed around the wire. 

Some error must, have been present in the optical-pyrometer 
measurements of the surface temperature. The wire was assumed 
to be a hot body surrounded by a colder body, and the emissivity 
of the wire surface was taken as equivalent to that of solid iron 
oxide. These conditions are covered by Table 1 of an excellent 
paper® by Reid and Corey. From this table, an optical-pyrometer 
observation of 1600 F corresponds to a true surface temperature 
of 1603 F, a small error. However, our assumptions have not 
been proved, and one of ous graduate students, D. E. Hall, has 
undertaken an experimental study of the problem. 


Test Wires and Test Water 

The Farber method"! of standardizing a metal surface for boil- 
ing consists of heating the metal component to incandescence for 
a short period of time while submerged in the boiling liquid. 
After applying the treatment to a test wire, the surface was coy- 
ered with a dark-gray coating or scale, very thin and tough. 
Once formed, this new surface appeared to be quite stable or at 
least subject only to a very slow rate of growth. When examined 
at various magnifications, the surface was observed to have a 
uniform, lacelike, or spongy structure. The gas film which covered 


the surface during the process was composed of steam and its » 


dissociation products. Considering the materials present, the 
lacelike fine structure of the surface was very probably covered 
by a thin film of oxides. 

14 “Structural Changes in a Chrome-Nickel-Iron Alloy Due to 
High Temperature Heat Flux,’’ by Paul Ogden, J. T. Kimbrell, and 
R. L. Scorah, NEPA Symposium on Heat Transfer, Oak Ridge, 
Tenn., December 8-12, 1947. 
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The Farber treatment was applied to wires in the “‘as received” 
condition, free from ordinary dirt. The effect of preliminary 
coatings of oil and other agents was not investigated. In the 
case of tungsten, it was not possible to secure incandescence as 
the wire failed by chemical action when AT’ exceeded 21 F at 
atmospheric pressure. 

The over-all result of the Farber treatment was considered to 
be the establishment of more durable and more uniform physical 
and chemical properties at the solid-fluid interface, the principal 
properties being the surface tension, emissivity, and chemical’ 
stability of the solid surface. The Farber treatment was able to 
make the surface properties more uniform for each kind of wire 
but was not able to make the surface properties more alike for 
various kinds of wire. The characteristic differences in the inter- 
face properties of different metal-water combinations persist 
after the Farber treatment and account for the difference in the 
boiling performance of different kinds of wires, as shown in Fig. 
12 and Figs. 15 through 18. The fundamental phenomena in- 
volved here were the subject of an important paper published 
recently by Professor Larson.® 

The test water was required to be clear for good visual ob- 
servation of the test wire and to operate without fouling the wire 
surface. In the open jar of Fig. 1, where solid-nickel bus bars were 
used, distilled water was employed. In the test apparatus of 
Fig. 2 distilled water discolored rapidly. Various agents such as 
trisodium phosphate and sodium hydroxide were added to ad- 
just the pH value of the solution to the point of minimum solu- 
bility for iron. The results were not altogether satisfactory. 
The procedure finally adopted was to wash and boil the apparatus 


‘with the immersion heater using a pH = 10 solution of distilled 


water and sodium hydroxide. The solution was then drained, 
the sight glasses cleaned, the test wire assembly installed, the 
apparatus filled with distilled water and brought to a steaming 
condition at the test pressure. For a considerable period of time 
the test water remained clear and satisfactory for tests and visual 
observations. 

Applications 

Imagination like the spirit is unquenchable, and there miust be 
some correlation between a laboratory test wire and a 50-ft boiler 
wall tube. Aside from geometrical and material differences, the 
heatflux and fluid dynamic effects were uniform along the test 
wire and variable along the tube. 

The open jar of Fig. 1 has been the scene of many interesting 
experiments intended to simulate some feature of commercial 
boiling equipment. Our students have made resistance elements 
of many different materials and shapes and have observed the 
resulting effects. For example, when the natural circulation cur- 
rents were confined to flow through a closed passage made of glass 
walls, the circulation velocity increased, throwing sealding water 
out of the Jan, and the passage above the heated wire eventually 
became steam-bound. This simple step in changing the original 
laboratory conditions toward those simulating the conditions of 
commercial apparatus seriously complicated the whole boiling 
process. For these reasons the present tests were directed toward 
a study of boiling under fundamentally simple conditions. 
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Radio-Frequency Heating in the 
W oodworking Industry 


By F. L. MACALUSO,! BALTIMORE, MD. 


Radio-frequency heating is finding wide application in 
the woodworking industry for such processes as edge- 
gluing, plywood manufacture, drying, assembly-gluing. 
The theory of radio-frequency heating is reviewed briefly, 
and how this type of heat is applied in various applications 
is described. Several case histories of actual manufac- 
turing problems are taken up. The recent Federal Com- 
munications Commission Refulations on the use of radio- 
frequency power for industrial heating are treated com- 
prehensively. 


ADIO-frequency power is being used in the woodworking 
R industry to produce better products cheaper and faster. 
While the advent of synthetic-resin glues made possible 
the manufacture of stronger, more durable products, the cheaper 
and more rapid results obtained from using these glues were not 
fully realized until a tool was developed for setting these resins 
quickly and efficiently. This too] is the industrial radio-fre- 
quency generator which is being used economically in industry 
for a variety of purposes including edge-gluing, plywood manu- 
facture, assembly-gluing of cabinets; manufacture of timbers 
and spars, Jamination of tennis-racket frames, and drying. 


TuHeory OF Raprio-FREQUENCY HuaTIne 


Heating of wood or other ‘nonconducting” material by radio- 
frequency power is not mysterious and is essentially the same as 
electrical heating of any other material. The basic heat equa- 


ee =, pounds heated X specific heat X temperature change, 
GREG AO pe pO Dean ts cod Sai ceri Grd (ES ee pn Rae [1] 
Converting this to electrical power units 
we wlei Gm al Omenil1(0 los 111) ex aparece [2] 
where 
M = Jb per min heated 


specific heat 
temperature change, deg F 


Cc = 

T's — ae = 

Using Equation [2], the powers required to heat 1 ]b of copper, 
steel, and wood through 100 F in 1 min are 162 w, 208 w, and 
616 w, respectively, the difference in power requirements being 
due entirely to the difference in specific heats of the three mate- 


rials. 
Electrica] heating is accomplished by passing a current through 


the piece to be heated, and the value of this current squared, 


times the resistance of the piece is the power. Considering a 
pound of copper, a cube about 1.46 in. on the side, the voltage and 
current required are approximately 0.0087 volt and 18,650 amp. 
This illustrates why copper is used as an electrical conductor 


1 Design Engineer, Industrial Electronics Division, Westinghouse 
Electric Corporation. Jun. ASME. 
' Contributed by the Wood Industries Division and presented at 
the Annual Meeting, Atlantic City, N. J., December 1-5, 1947, 
of Tar American Society or MECHANICAL ENGINERRS. 
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and other means are used for heating it. To heat 1 1b of nichrome 
steel (high electrical resistance), a cube 1.5 in. on the side, the 
voltage and current required are approximately 0.074 volt and 
2820 amp. While the current is still high, it is considerably less 
than for the copper cube and if drawn out into not too fine a wire 
would heat readily with not too great a current. 

To heat 1 lb of wood, a1 X 6 board 8 in. long, with 60-cycle 
current and with electrodes on the 6 X 8 faces requires approxi- 
mately 2,250,000 volts, and 0.027 amp. This high voltage is 
extremely impractical. It is calculated using the fundamental 
dielectric heating equation 


Poa Neth Beles meee seek ote [3] 
where ; 
Pv = power density, watts per cu in. 
E, = voltage gradient, kv per in. 
f = frequency in megacycles 
e” = ‘loss factor, a property of the material which varies 


somewhat with frequency 


Using a radio frequency of 13.6 megacycles this heating can 
be accomplished with 2100 volts and 5.8 amp, which are entirely 
reasonable figures for RF heating. The only justification.for radio 
frequency in the dielectric heating of nonconducting materials 
is to permit heating with reasonable voltages. 


Prywoop MANUFACTURE 


One of the first, commercially successful applications of RF 
heating in the woodworking industry was in the manufacture 
of plywood. In this process, the sheets of veneer spread with 
glue are placed between large flat electrodes in a press, The 
electric field between electrodes is perpendicular to the glue 
lines and, since the electrical properties of the glue are such 
that it heats more slowly than the wood, the glue is heated 
mostly by conduction from the greater mass of adjacent wood. 
The press platens may be cold, or they may be heated to prevent 
conduction losses from the wood into the press. 

The problem easily resolves itself into heating the entire mass 
of wood to the setting temperature of the glue in a sufficiently 
long time to permit the glue to set and to permit the escape of 
steam without damage to the wood when heating must be car- 
ried over the boiling point. Ten sheets of 4-ft X 8-ft X 1/,in. 
plywood can be heated from 70 to 140 F in approximately 10 
min with a 20-kw RF generator. In RF heating, the heat is 
generated uniformly within the material and the whole board 
comes up to temperature practically simultaneously. When 
using a hot-platen press for thin sections, the time for the heat 
to penetrate to the remotest glue line is relatively short, while 
for thicker sections it is considerably longer and damage to the 
outer veneers may result. Hence there is a dividing line be- 
tween favorable hot-platen-press applications and RF heating 
applications. Economic studies have shown that for plywood 
of 1/, to 3/, in. thickness or less, a multiple-opening hot-platen 
press is more economical than an RF generator. This dividing 
line varies considerably from plant to plant, depending upon the 
quantity of waste wood available for steam generation and upon 
local power costs. The dividing line wil] undoubtedly be lowered 
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as RF generator and power 
‘costs are reduced and as the 
woodworking industry finds 
better uses for what is now 
waste wood. 

The manufacture of curved 
plywood is considerably more 
favorable for RF heating than 
the manufacture of large flat 
panels, particularly on short 
runs, since curved wooden 
forms covered with thin meta] 
electrodes are much more eco- 
nomical than curved metal 
forms with heating elements. 
A variety of curved plywood 
| . articles such as dresser-drawer 

fronts, laminated  golf-club 
heads, radio-cabinet sections, 
and specialty furniture items 
are being produced economi- 
cally with RF heating. 


TRANSMISSION. LINE 


R. F. GENERATOR 


EpcEe GLUING 


The most important com- 
mercial application of RF heat- 
ing in the woodworking indus- 
try today appears to be that 
of edge-gluing narrow boards 
to fabricate core stock or Jarge 
open-face panels. The general 
practice is to glue several pieces 
from 2 to 4in. wide and 1 in. 
thick into panels as large as 48 
X 96. In the laminating proc- 
ess for making plywood, the 
electrodes are on the faces of 
the board, the electric field is 
perpendicular to the glue lines, 
and all the wood must be heated 
in order to heat and set the 
glue. Inedge gluing, the elec- 
trodes are also on the faces of 
the board, but the glue lines 
are parallel to the electric 
field. Fortunately, a wet glue 
line has a much higher electri- 
cal conductivity and loss factor 
than the adjacent wood, result- 
ing in selective heating of the glue line with very little power 
going into the wood. An edge-gluing press-generator assembly 
is shown diagrammatically in Fig. 1, and Figs. 2 and 3 show ex- 
amples of such installations. Here the individual boards are 
held flat between electrodes by a few pounds per square inch top 
‘pressure, and a 100 to 200-psi glue-line pressure is exerted from 
the sides, 

For small panels on the order of 15 in. X 30in., it has been com- 
mon practice to use solid sheets of stainless steel for the elec- 
trodes, while for the larger sizes up to 48 in. X 96 in. either solid 
sheets or strips are used as electrodes. The construction and 
principle of strip electrodes is shown in Fig. 4. If the proper 
power and heating times are used, a glue line heated by strip 
electrodes will be set only along the zigzag pattern connecting 
the electrode strips. This highly selective heating makes for 
higher production and greater economy of RF equipment. When 
room-temperature-setting resin glues are used, the portion of the 
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glue not set by RF heat soon sets up, and 100 per cent glue-line 
strength is quickly developed. Using this process, 36-in. X 
96-in. boards made of 1-in. X 3-in. pieces have been satisfacto- 
rily glued in 20 sec and less using’a 10-kw RF generator. 

In most plant operations, it is only necessary to develop suffi- 
cient glue-line strength to permit handling while full strength 
is developed during normal delays before other operations. 
Should greater initial strength be desired, it is only necessary to 
extend the heating time and the complete 
glue line will be cured. <A further advan- 
tage of strip electrodes is that it simplifies 
generator load matching with the result 
that generator adjustments are never neces- 
sary except when changing sizes of assem- 
bled boards, 

Although practically all RF heating for 
edge-gluing wood is done today with batch- 
type presses, a continuous RF edge-gluing 
press has recently been developed which 
*tests indicated will produce at greater rates 
than the batéh press. A schematic arrange- 
ment of the press is shown in Fig. 5, and 
Fig. 6 is such a press with its RF generator. The design of this 
press is mostly a mechanical problem of carrying the glued 
boards between electrodes and of holding the pieces firmly and 
free from vibration while the glue is being set. It can handle 
various widths of assembled boards, from 18 to 36 in., and of 
any desired length. The application of RF power on this press 
is a fairly simple problem, and in co-operation with RF genera- 
tor manufacturers, the press components were designed and laid 
out to permit the most efficient utilization of RF power. 

The use of RF power for edge-gluing affords particularly note- 
worthy savings, since it eliminates the cumbersome carrier 
clamps requiring many operators, saves considerable manu- 
facturing and storage space, permits the use of high-temperature 
setting and highly water-resistant glues, permits a glue saving 
of as much as 50 per cent in some operations, and makes for 
greater uniformity with less rejects. A well-designed press 
generator installation is simple, small, clean, and easy to operate. 
Initial setup can be accomplished by a qualified technician in a 
few hours. Most installations have press and generator controls 
interlocked so that a single start button closes the press and 
applies RF power until the generator timer shuts off the power 
and opens the press. 


GROUND ELECTRODE 


FUNCTIONS AND PROPERTIES OF GLUE IN RF Hparina 


The primary function of the glue is naturally to bond pieces 
of wood together. In applications such as through heating for 
plywood manufacture where the glue is heated by conduction 
from the wood, RF heating imposes no special requirements on 
the glue, and glue set by RF heat in this manner has the same 
physical properties, time-temperature setting curves, strength, 
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heated selectively by RF heat, the glue line is made to carry a 
considerable portion of the RF current and hence special prop- 
erties are demanded. These properties are high conductivity, 
high loss factor, and high are resistance. A number of resin 
glues are now on the market which are very satisfactory for this 
type of heating. In general, the urea, resorcinol, and melamine 
glues are satisfactory, while the alkaline phenolic glues are not. 
Some of these urea, resorcinol, and melamine glues were origi- 
nally compounded for curing cycles of many minutes to many 
hours and, fortunately, have reacted satisfactorily with heating 
cycles of a few seconds. Considerable research is being done 
by glue manufacturers to adjust. their resins to meet these new 
conditions, and greatly improved glues are expected. 


SPECIAL GLUE-LINE-HEATING APPLICATIONS 


Two specialized applications of glue-line heating or edge gluing 
are found in the manufacture of laminated timbers and tennis 
rackets. 

A typical laminated timber is made using six 1 X 2-in. 
pieces and gluing these on their 2-in. faces to form a 2 X 6-in. 
piece. It is far more economical in this case to set the glue by 
heating along the glue line rather than by heating the entire mass 
of wood to set the glue. Both straight and curved laminated 
timbers are produced commercially by RF heating. In the case 
of the 2 X 6 timber made of six 1 X 2’s, electrodes approxi- 
mately 5 in, wide are used, and their length depends upon the 
generator rating, which in turn depends upon the production rate 
desired. The length is usually proportioned to give heating 
times of around 30 sec. With straight timbers, only sufficient 
glue strength need be developed during the heating cycle to 
permit preliminary handling, and full strength is developed dur- 
ing normal delays before finishing operations. With curved 
timbers, additional glue strength must be developed while in 
the clamps in order to overcome the shearing forces on the glue 
line set up by the bent laminae. Production rates possible vary 
considerably and depend upon the type and size of the wood 
pieces, type of glue and glue area, and upon whether straight or 
curved timbers are being produced. 

The manufacture of a tennis, badminton, or squash racket is a 
very interesting application of RF power. In order to produce 
the best rackets with freedom from warping and with proper 
resilience, strength and “feel,” the manufacturers have found it 
best to make them from 1!/s to !/j.-in. veneers of very highly 
selected hardwoods. In addition to the long vencers, each about 
lin. wide X 65 in. long, a triangular-shaped throat, a crescent- 
shaped bow reinforcement and a handle plug or wedge must also 
be glued in. In the better rackets, several thin fiber pieces are 
added between the veneers for decorative effect and for rein- 
forcement against splitting when the stringing holes are drilled. 
All these pieces are spread with glue and placed in pneumatic or 
mechanical clamps which form the veneers to the desired shape. 
In a 10-ply racket there are approximately 700 sq in. of glue 
area. Using flat electrodes, shaped to conform to the outlines 
of the racket, and heating along the glue lines, the racket can be 
set in about 30 sec with a 2-kw RF generator. The racket is 
complete and ready for further operations as soon as it is re- 
moved from the press. 


DryInG 


The present-day bottleneck in the woodworking industry 
appears to be in kiln-drying properly before fabrication. Un- 
fortunately, RF heating is not economically sound for this ap- 
plication except in very specialized cases. It has been found by 
laboratory tests that approximately 3.25 Ib of water can be 
evaporated per kilowatthour. Since approximately 2000 Ib of 
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water must be removed from 1000 fbm of green Jumber, 615 kw 
of RF power wil] be required to process 1000 fbm per hr. 


For very specialized applications, as in the final drying of / 


knife handles, too] handles, pipe blanks, golf-club heads,” where 


| 
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conventional drying means may cause considerable rejects due — 


to checking, splitting, or where accurate drying control is desired, ff 


RF heating has proved economically sound. 


ASSEMBLY GLUING . 


One of the most interesting applications’ of RF heating in the j 


woodworking industry is that of assembly gluing for the manu- 


facture of items such as radio cabinets, clock cases, and sewing © 


cabinets. With a little experience, the design of the jigs and 
clamps, location of the electrodes, and selection of the proper 
generator rating and frequency are relatively simple. The best 
way to describe this process is to study a particular case his- 
tory. The radio-phonograph cabinet, shown in Fig. 7, is as- 
sembled in production by this process, using waterproof resin 
glues and RF heat. No nails or screws are used at all. 

The first operation is the bonding and forming of the curved 
plywood front panel. Three plies of 1/1, veneer, approximately 
30 in. X 22 in., are spread with glue and placedina press. The 
press forms the veneers and a 5-kw 5-megacycle RF generator 
sets the glue in about 120 sec. This piece is then cut, making 
four cabinet front panels. 

The next two operations are accomplished with one two-posi- 
tion 2-kw 15-megacycle generator with a transfer switch to switch 
the power alternately to two jigs. Both jobs are done with 
Since these 
operations require 30 and 20 sec, respectively, and the jig-loading 
times are 20 and 80 sec, the generator is in practically constant 
use. The generator is adjusted so that no change is required 
when changing jobs, and the two generator timers are ‘set for 
the two required heating times. The first of these operations is 
to apply a 14 X 6 X 3/16 flat plywood stiffener, a long stiffener 
piece on the top, a bottom edge piece and four small triangular 
blocks to the curved front panel. This is a combination of 
through-heating to glue the two pieces of plywood, and glue-line 
heating to fasten the other pieces and is done in 30 sec. The 
second of these operations is also a combination of through- 
heating and glue-line heating in which a thin strip and two tri- 
angular blocks are assembled to the record-player shelf. 


Fig. 7 Rapro-PHoNOGRAPH Cazsinet ManuracTurEeD AND As- 
SEMBLED BY RF Heating 
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In the next operation the sidé panels are assembled. Two 
small rectangular blocks for the radio-chassis support, two 
rounded corner pieces to reinforce the curved front panel, the 
bottom edge piece, and a glue block to reinforce it are al] glued 
to the side panel. Each of the small pieces is placed in a recess 
in the jig, the flat side panel is placed on top and located from the 
jig, and the whole assembly is placed in a press where an air 
cylinder exerts the gluing pressure. The electrodes are in the 
jig, and the press ram carries the RF leads to the jig. Two of 
these assemblies are heated together for 20 see with a 5-kw 15- 
megacycle RF generator. Since the parts are placed in the jigs 
outside the press, several jigs are provided, and the generator is 
- in constant use except for the press opening and closing times. 

In the fifth operation the top of the cabinet is glued. Here 
the two sides, front strip, back, and glue block for the back are 
assembled in a jig, clamped and heated for 45 sec with a 2-kw 
15-megacycle generator. Again, a transfer switch is used so that 
as one jig is being loaded and unloaded, the parts in the other 
are being heated and the RF power is on practically continuously. 

In the sixth and final operation, the subassemblies for two cabi- 
-nets, front, two sides, record-player shelf, back, and several glue 
blocks are loaded in a jig and heated for 110 see with a 5-kw 15- 
megacycle generator. A transfer switch and two jigs are pro- 
vided to permit practically continuous generator operation. 

In all of these operations, the cost of the jigs and presses is 
remarkably low. Changes in cabinet design resulting in jig 
changes do not necessarily mean a costly retooling process or 
Jong interruptions in production. This process does not rely 
upon nails, screws, or clamps to hold the cabinet together for a 
long glue-setting period, and the absence of screws and nails re- 
sultsina finer cabinet. In addition to the advantages mentioned, 
the use of RF power for glue-setting has also resulted in cabinets 
which are truly square and accurately aligned, floor-spacerequire- 
ments have been reduced by eliminating storage space, and, by 
better plant Jayout, labor costs have been reduced by using 
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fewer and less skilled operators, fewer clamps, presses, and jigs 
are required, and stronger cabinets result, due to the use of water- 
resistant glues. 


Economics or RF Heative 


The cost of radio-frequency power per kilowatthour output, 
as in other electrical equipment, is not uniform but decreases 
gradually as the output rating increases. This is illustrated in 
Fig. 8. The total operating cost of the generators for various 
ratings is also shown in Fig. 8, and a breakdown of this total 
is shown in Fig. 9. The tube-replacement costs are based on 2 
tube life of 3000-5000 hr, amortization on 5 years at 16 br per 
day and power at $0.01 per kwhr. These curves are based on 
continuous full-power operation which is seldom achieved. 
When operating at reduced power or on intermittent processes, 
the power costs may be reduced and tube life extended. To the 
foregoing must be added the cost of associated equipment and 
labor costs. Labor costs are usually low since unskilled labor is 
‘used. The cost of associated equipment varies from a few dollars 
to many times the cost of the RF generator. 

It is interesting to note that these curves are approximately 


ally increasing prices. Mass production and use of RF power 
which is really just beginning, together with simplification and 
standardization of design and better tube performance should 
lower these costs still further. 


THe Rapio-FREQUENCY GENERATOR 


rectepat se 
MHESEIIAZ: 


The purpose of the radio-frequency generator used ini 


heating is to take energy from a 60-cycle power source and com 


per second. The generator operates essentially 
takes energy at 220, 440, or other commercial volt 
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forms it by means of a plate transformer to about 10,000 volts and 
converts this to a high-voltage direct-current supply through 
rectifier tubes. This high direct-current voltage is pulsed by an 
oscillator tube into a circuit resonant at the desired radio fre- 
quency. The resonant circuit or “tank,” made up, generally, of 
eapacitors and inductances, stores the energy and controls the 
frequency. The energy for heating is then drawn from the 
tank by the load matching or coupling network. 

The design of the tank circuit and coupling network for effi- 
cient stable operation and for operation with the greatest variety 
of loads is the most important consideration in RF generator de- 


Fic. 10 WestincHouse 10-Kw Inpustriat RF GENERATOR 
DEVELOPED ESPECIALLY FOR EpGr-GLUING APPLICATIONS 
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Fig. 11 


WestincHovse 100-Kw Inpustriat RF Generator 


sign. A 10-kw and a 100-kw industrial RF. generator are shown 
in Figs. 10 and 11, respectively. 


FEDERAL COMMUNICATIONS COMMISSION REGULATIONS 


The radio-frequency generator used for industrial-heating pur- 
poses is essentially the same as a broadcast or communications 
transmitter, and if connected to an antenna would radiate its 
generated energy into space. Although designed and intended 
to concentrate its energy into the workpiece to be heated, there 
is always the possibility that parts of the generator, RF trans- 
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mission line, power line, and work circuits may form an antenna 
and radiate energy into space. The radio-frequency generators 
used in the woodworking industry range in power from 2 kw to 
several hundred kilowatts and at the frequencies generally used, 
3 to 30 megacycles per sec, only a very small portion of this 
power may produce sufficient radiation to cause interference to 
vital communications channels. 

Under the Communications Act of 1934, the Federal Communi- 
cations Commission was given control over all channels of inter- 
state and international radio communications and also over all 
sources of radio-frequency power which might interfere with 
such communications. By 1945 the industrial radio-frequency 
power installed already exceeded the total power of all broad- 
cast stations, and some communications interference was en- 
countered, particularly from medical diathermy equipment. At 
the request of the Federal Communications Commission, a 
commmittee consisting of manufacturers, users, and consultants 


in the radio-frequency-heating field was set up to study this” 


problem. A great deal of time was spent in making radiation 
tests on existing equipment and in formulating proposed rules. 

The final rules of the Federal Communications Commission, 
which were made effective July 1, 1947, are as follows: 


1 Several frequencies are assigned to radio-frequency heat- 
ing, namely, 13.6 Mc, 27.3 Mc, 40.9 Mc, and some other much 
higher frequencies not now commercially important. Operation 
on these frequencies is permitted without a license. 

2 When not operating on an assigned frequency, the in- 
stallation 

(a) Shall have a field-strength radiation of not more than 10 
microvolts per meter? at one mile from the source of radiation. 

(b) When interference with communications channels is 
caused regardless of the amount of radiation, the radiation 
shall be reduced to such limits to prevent the interference. 


Close tolerances are specified for operation on the assigned 
frequencies -so that expensive automatic frequency control 
equipment must be incorporated in the generator to keep it 
within the frequency limits. This equipment is expensive and 
bulky and its use is limited economically to the larger RF gen- 
erators of 50 and 100-kw rating. Moreover, most wood heating 
is done in the frequency of 3 to 10 megacycles and there is no as- 
signed frequency in this range. ; 

Therefore al] installations of RF generators made after July 1, 
1947, unless on an assigned frequency and frequency stabilized, 
must be properly shielded to prevent communications inter- 
ference. The rules of the FCC further state that a certificate 
must be furnished by the manufacturer of the equipment or by a 
competent engineer stating that each unit of the installation, 
RF generator, press, etc., has been type-tested and can reasona- 
bly be expected to meet the radiation requirements. Installa- 
tions made prior to July 1, 1947, are exempt from these rules 
except that if communications interference is found, the equip- 
ment will be shut down, the source of interference remedied, and 
a certificate be then issued stating that the equipment has been 
tested and found satisfactory. 

These regulations may appear to be severe and discouraging 
to the prospective user of RF equipment. This is not so. The 
advent of these rules has been expected for some time by estab- 
lished manufacturers of RF equipment, and the better generators 
are built to minimize radiation. The radio industry has pro- 
vided the engineering know-how on designing, placing, and shield- 


5 The microvolt per meter is the unit of RF field strength. Ap- 
proximately 25 microvolts per meter are required for satisfactory AM 
broadcast reception with a small receiver, 5 to 10 microvolts per 
meter for FM reception, and 1 microvolt per meter for reception with 
a highly sensitive communications receiver. 
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ing the components outside the generator, which are the major 
causes of radiation. 

‘ment safe, with a few minor refinements, also serves as the radia- 
tion shield. Field-strength tests made on equipments of 100- 
kw rating and higher have proved the soundness of this.engineer- 
ing knowledge, so that the average user of 10 and 20-kw genera- 
tors need have no fear if his equipment is properly designed, in- 
stalled, and operated. 


’ 


CONCLUSION 


The highly progressive and competitive woodworking industry 
offers perhaps the most fertile field for the application of RF heat- 
ing. While RF heating is new, it has already made great strides 
in some woodworking applications and has barely scratched the 
surface on others. A great deal of co-operative research and 
development work must be done by the woodworker, glue chem- 
ist, and generator manufacturer before the potential benefits 

are all derived. 


The shielding required to make the equip-- 
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Radio-frequency-heating is not a panacea. It is just another 
method of heating, and 1 Btu of RF heat is exactly equal to 1 
Btu of any other kind of heat, except that the radio-frequency Btu 
costs a lot more but can be directed and controlled to heat 
uniformly or only the areas necessary, resulting in a saving of 
heat required and thus gaining an advantage in over-all economy. 
As time goes on, we wil] have cheaper and more durable genera- 
tors, with simple controls, and with greater ranges in fre- 
quency and other characteristics to cover a greater range of 
applications. 
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Results of Accelerated Tests and 
Long-Term Exposures-on Glue 


Joints in Laminated Beams 


A rapid method developed at the U. S. Forest Products 
Laboratory for determining the durability of glue joints 
in laminated beams intended for exterior service is de- 
scribed. The test is based upon the principle that severe 
shrinking and swelling of laminated members produce 
stresses, which cause checking of wood, failure of glue 
joints, or both. Vacuum and pressure are employed in 
bringing about the desired conditions of shrinking and 
swelling. Results of the test are correlated with more 
extended laboratory exposures and with long-term soak- 
ing and weathering. 


INTRODUCTION 


HE development of new glues and gluing methods has been 
more or less paralleled with the development of new or 
modified test methods for their evaluation. Testing of 
glues dates back many decades and, undoubtedly, was practiced 
much earlier than existing records: indicate. With each new 
development in the field of woodworking glues, there has arisen 
a need for new or modified test procedures which fully evaluate 
the new product; its properties, application, and usefulness. 

Through the years some form of joint test has been the com- 
mon and generally accepted method of testing most glues for 
wood joints and the adequacy of such joints for different uses. 
Many types of joint tests have been devised and used with vari- 
ations in the form of specimens, the exposure or treatment of the 
joints before test, and the method of applying the load or stress 
to determine the strength and performance of the bond. The 
block-shear and plywood-shear tests, developed at the U. 8. 
Forest Products Laboratory during the first world-war period, 
have been extensively used in determining the bonding strength of 
glues and the importance and limitations of gluing procedures.* 
When the specimens were subjected to various exposures before 
test, the two methods, and especially the plywood-shear test, 
haye also been valuable in determining the durability of glues 
and wood joints. 

Production of water-resistant plywood during and following 
that war and its evolution into a type suitable for exterior use was 
preceded or accompanied by the development of accelerated test 
methods. The adequacy of plywood for exterior service was first 
established by subjecting unprotected panels to the variable 
conditions of outside exposure. The standards for its production 
were established, and the control of essential quality has been 


1 Technologist, Forest Products Laboratory, Forest Service, U. S. 
Department of Agriculture. 

2 Chemical Engineer, Forest Products Laboratory, Forest Service, 
U.S. Department of Agriculture. 

3 “The Gluing of Wood,” by T. R. Truax, USDA Technical Bulletin 
Ne. 1500, June, 1929. 

Contributed by the Wood Industries Division and presented at 
the Annual Meeting, Atlantic City, N. J., December 1-5, 1947, 
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maintained by the use of accelerated test methods carefully eor- 
related to the performance of the panels in service. Likewise, in 
laminated construction there is in progress the evaluation of 
glues and gluing techniques under different service conditions 
and of testing methods that will assure the development of suita- 
ble standards and the maintenance of adequate glue bonds in 
service. ; ; 

Laminated structural members for interior or limited exposures 
followed the development of water-resistant plywood in this coun 
try, but in Europe they have been in service since about the be- 
ginning of the century.‘ Becauseof the form and size of material 
and essential differences in the details of construction of plywood 
and laminated members, however, the test methods and means 
of evaluating the two forms of construction must be varied. Fur- 
thermore, the methods in use for evaluation of the glue joints in 
interior laminated members are not adequate for judging the per- 
formance of joints under exterior exposure. 

The necessity for test methods more discriminating in regard to 
durability of joints in heavy laminated construction than were pro- 
vided by existing methods became apparent during the develop- 
ment of processes for laminating timbers for exterior use at the 
start of the recent war. Laminated oak timbers which gave 
initial high strength in the block-shear test soon developed delami- 
nation of glue joints when exposed to the weather.* This led to 
the conclusion that test methods more nearly simulating service 
conditions would be necessary for evaluating the suitability of 
glue joints for exterior use. 

Laminating for exterior use, like many other major develop- 
ments, was prompted by an urgent need in time of war. The 
Navy needed immense numbers of ships and boats, the building 
of which soon brought on a shortage of available materials. 
White oak, the foremost shipbuilding species, seasons slowly, 
especially in large dimensions. Nominal 1-in. oak lumber, how- 
ever, can be dried in a relatively short time. Therefore a process 
was developed whereby boat and ship timbers of the desired 
shapes and sizes and timbers for other exterior uses were lami- 
nated from kiln-dried lumber with imtermediate-temperatare- 
setting phenol and later with resorcinol resin glues. 

In exterior use, timbers are subjected to wetting and drying 
which cause severe stresses and a tendency to check. In lami- 
nated timbers, these stresses are more or less concentrated at the 
glue lines. In addition, the laminations are usually relatively 
thick, in comparison with veneer used for plywood, and the re- 
quirements on glue-line performance are even more rigid than 
in exterior plywood. Hence accelerated tests that predict ae- 
curately the durability of laminated members under exterior ex- 
posure are of considerable importance. 

The work of the U. S. Forest Products Laboratory on test pro- 
cedures and test methods to be discussed, deals exclusively with 
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types of glues, such as phenol, melamine, and resorcinol resins 

which, when properly used, have been found durable in exterior 

service. 


* 
DEVELOPMENT OF ACCELERATED Trst Mrruops 


During service, timbers used for exterior purposes may be 
expected to undergo considerable change in moisture content. 
To furnish dependable test results, stresses similar to those which 
might occur in service therefore must be induced during the test 
and, furthermore, the possible leaching or solvent effect of moist- 
ure upon the glue must be simulated. The two accelerated tests, 
to be described in the following, were intended to simulate these 
conditions. 

Soaking-Drying Cyclic Delamination Test (180-day test). 
tions 2 in. long were cut from laminated beams 8 X 10 or 6 X 6 
in. in cross section and exposed to a repeating cycle of soaking 
for 30 days, followed by drying in a room at 80 F and 30 per cent 
relative humidity for 30 days. The test included three complete 
cycles for a total test period of 180 days. Observations were 
made on the condition of the sections and, during the first week 
of drying in each cycle when the delamination was most in evi- 
dence, the total length of open glue joints on the sections was 
measured. This was expressed as a percentage of the total length 
of glue joints exposed, and referred to as the percentage delamina- 
tion. A low percentage of delamination indicates durable joints, 
and a high percentage poor durability. Examples of good and 
poor durability as indicated by the 180-day cyclic test are shown 
in Figs. 1 and 2. 

Vacuum-Pressure, Soaking-Drying Cyclic Delamination Test 
(21-day test). The chief disadvantage of the. 180-day cyclic test 
was its extended duration and, consequently, attention was paid 
to development of a test method that would be less time-consum- 
ing. It was found that by application of vacuum and pressure 
the moisture content of 6 X 6-in.*beam sections 3 in. long could 
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be brought well above the fiber-saturation point and often as high 
as 80 per cent or more in a period of 24 hr. Since the checking in 
the wood and open glue joints usually were more pronounced 
during the first week of drying, it was assumed that the drying 
part of the cycle might also be shortened. Eventually, the follow- 
ing test procedure was evolved: 

The test sections were placed in an autoclave or other type of 
pressure vessel; they were immersed in water at room tempera- 
ture and weighted down to keep them submerged. 4 vacuum of 20 
to 25 in. of mercury was then drawn and held for 2 hr. The 
vacuum was réleased and air pressure of 75 psi was applied for 2 
hr. The vacuum-pressure cycle was repeated once, while the 
specimens remained immersed. The soaking was continued for 
an additional 16 hr at atmospheric pressure. The specimens 
were then dried in a room maintained at 80 F and 30 per cent 
relative humidity and provided with brisk circulation of air. 
The sections were placed at least 2 in. apart and with the end- 
grain surfaces parallel to the stream of air. The drying was con- 
tinued for a total period of 6 days. The entire soaking-drying 
cycle was repeated twice for a total test period of 21 days. 

The total length of open glue joints (delamination) on the end- 
grain surfaces of the sections was measured during the part of the 
drying period of the third and final cycle when the checking of 
the wood and open glue joints were most in evidence (usually dur- 
ing the third or fourth day of drying). To facilitate measurement 
of delamination, the end-grain surfaces of the sections were cut or 
sanded smooth prior to the start of the test. A magnifying 
glass was used as an aid in measuring delamination. - 

Examples of different degrees of durability, as indicated by 
the vacuum-pressure 21-day cyclic test, are illustrated in Figs. 3 
and 4. 

It is realized that variations in the 21-day fest may be per- 
missible without making the test less useful and further work is 
planned with the idea of shortening the test period. For ex- 
ample, two cycles requiring 14 days instead of the three cycles 
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TABLE 1 DELAMINATION IN WHITE-OAK BEAM SECTIONS 
AFTER EACH OF THREE VACUUM-PRESSURE, SOAKING-DRY- 
ING CYCLES 


— Delamination, per cent 
Cycle 1 Cycle 2 Cycle 3 
0.1 0.4 1.2 
a “1.1 1.5 
4 125 1.9 
.6 1.6 1.8 
.8 2.2 4.2 
1.2 2.1 2.5 
13 3.8 3.9 
1.4 2.9 4.4 
1.8 335 4.5 
2.6 5.9 6.5 
3.3 8.7 1: WS 
3.9 5.3 6.4 
4.0 Bid op ey es 
4.6 9.5 11.9 
AS 8.0 8.4 
7.5 15.5 16.4 
8.0 12.2 15.3 
9.2 11.9 452 . 
10.6 20.2 ya as 
12.6 17.5 20.0 
15.3 29.5 31.2 
16.5 20.5 25.5 
25.3 31.2 41.4 
27.8 33.8 36.2 
Average 6.8 10.6 12.6 


requiring 21 days might be sufficient. Some available data, how- 
ever, indicate that three cycles are preferable to two. 
In Table 1 the amount of delamination developed in each of 


24 white-oak beam sections after one, two, and three cycles in the 


accelerated vacuum-pressure, soaking-drying test is shown. The 
average delamination value for all sections after various cycles is 
shown graphically in Fig. 5. In general, the amount of delamina- 
tion increased with each of the three cycles, but the average rate 
of increase was greatest in the first cycle and less in each of the 
two succeeding cycles, with an indication that the amount of fur- 
ther delamination beyond the three cycles would be small, pro- 
vided the test was continued further. : 

Usually, after a few cycles of severe soaking and drying, the 
internal stresses are largely relieved, either by failure of the glue 
joints or by checking of the wood, and the amouht of glue-joint 
delamination brought about by further exposure is relatively 
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Fic. 4 Cross Section or Wuitr-Oak Bream, Exposep To THREE 
CycLtes oF VactuuM-PRESSURE Soakinc-Dryine Test, INDICATES 
EXCELLENT DURABILITY OF GLUE JOINTS 


AMOUNT OF DELAMINATION (PERCENT) 


7 - 2 
MUMBER OF CYCLES 


Fic. 5 AveraGe AMOUNT OF DELAMINATION IN 24 WHITE-OAK 
Beam SeEcTIons “AFTER 1, 2, AND 3 CycLes IN VACUUM-PRESSURE 
Soakinc-Dryinc Test 


small. On the other hand, if the test is carried through only two 
cycles where the rate of increase in delamination is still appre- 
ciable, there is less assurance that the results are true indications 
of the durability of the glue joints than when ‘three cycles have 
been completed, and the delamination has more nearly reached 
its Maximum. 


Lonc-TrEeRM ExpostuREs 


To be of value, any test method for laminated members in- 
tended for exterior service should produce results indicative of 
durability in such service. Long-term weather exposures and 
continuous soaking tests of laminated beams were therefore 
started early in the work as a control for other tests. 

Weathering Tests. For the weathering tests beams were made 
6 X 6 or 8 X 10 in. in cross section and about 4 ft inlength. To 
one end of each beam a protective coating was applied, after 
which the beams.were placed on racks and subjected to outdoor 
exposure with the unpainted ends directed south. At intervals of 
a year or less the unpainted end of each beam was inspected for 
delamination. At the time of the inspections, block-shear tests 
were usually made on sections cut from the painted ends of the 
beams. 

Soaking Tests. Laminated beams 8 X 10 in. in cross section 
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and about 4 ft in length with a protective coating on one end were 
immersed in salt water (4 per cent) for periods up to 31/2 years. 
They were examined for delamination at regular intervals, 
and sections were also cut from them for block-shear tests. These 
sections were conditioned to about 12 per cent moisture content 
before the block-shear specimens were cut and tested. 


ORRELATION OF SULTS d s TEsts 
GC N oF Resutts From VARIOUS 


The ultimate aim of the various tests was to determine the dura- 
bility of the glue bonds under severe exposure conditions and 
the test method that might be the most dependable for predicting 
durability, as well as being easily and quickly carried out. For 
this purpose a comparison of results from various test methods 
‘became necessary. 

During the progress of the laminating studies, beams were 
‘made up from time to time with different glues and under differ- 
ent curing conditions so that they represented considerable varia- 
tion in glue-bond quality. The beams were subjected to one 
or more of the four test procedures previously described, And 
usually two of the testing methods were applied to the same 
beams. In other cases duplicate beams, made at different times 
with the same glue and gluing conditions but tested by different 
methods, afforded a basis for comparison of testing procedures. 

Comparison of Continuous Soaking and Weathering Exposures. 
Results of continuous soaking for periods up to 31/) years of 
60 some beams, Fig. 6, and weathering tests on a considerably 
larger number indicated that exposure to weathering produces 
delamination much more rapidly than continuous soaking. Only 
a few specimens among the beams exposed to soaking developed 
small amounts of open glue joints during the 3!/:-year period; 
whereas beams similarly made and exposed to the weather in 
many cases developed large amounts of open glue joints. Shear 
blocks cut from beams during soaking and reconditioned to about 
12 per cent moisture content before testing, in general, showed 
no appreciable weakening, indicating that prolonged continuous 
soaking had very little deteriorating effect on the glue bonds. 
When beams which had been soaked for 3!/2 years were dried, 
considerable delamination developed in some of them, but in 
others the glue joints remained intact even after severe drying. 
The beam shown in Fig. 7 had developed considerable delamina- 
tion in practically every joint after 4 years of ‘exposure to the 
weather; whereas a beam similarly glued and cured but exposed 
to continuous soaking was practically free from joint failure 
after 31/, years of exposure. In the beams exposed to weathering, 
the glue joints that showed little or no opening during the first 
year usually remained in about the same condition throughout the 
several years of exposure. 
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Comparison of Results From 180-Day Cyclic Test and 21-Day 
Vacuum-Pressure Cyclic Test. In so far as the time element is 
concerned, the 21-day cyclic test is a great improvement over the 
180-day test. The means of testing durability, by inducing 
stresses which would result in checking or delamination or both, 
was similar for both tests. The possible léaching or solvent effect 
might of course be greater for the longer soaking periods of the 
180-day tests. In the continuous soaking tests of beams and also 
in previous work with plywood,‘ it was established, however, that 
the effect of soaking on the types of glues that are durable under 
severe exposure is not appreciable. For this reason it was con- 
sidered that the shortening of the soaking period would probably 
not affect the results. In Table 2 delamination values are shown 
for two different groups of test sections from beams similarly 


TABLE 2 DELAMINATION VALUES IN TEST SECTIONS TAKEN 
FROM LAMINATED BEAMS SIMILARLY GLUED AND CURED, 
BUT SUBJECTED TO DIFFERENT CYCLIC TESTS 


—_————Delamination developed in————___—. 


180-day test, 21-day test. 
per cent per cent 
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“ Reading down the left column the delamination values for the 180-day 
test are arranged in ascending order, and in the right column delamination 
values are shown for sections similarly glued and cured but subjected to the 
21 day test. . 

6 Average of 5 preceding values. 

J 


a: “Summary of Information on the Durability of Woodworking 
Glues,”’ by F. F. Wangaard, Forest Products Laboratory Report 
No. 1530 (revised 1946). 


Fig. 6 LAMINATED Brams Soakep For 31/2 YEARS IN SALT WATER or 4 Per CENT 
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glued and cured, one group having been subjected to the 21-day 
test and the other group to the 180-day test. . 

There is no very close agreement between the results from indi- 
vidual sections of each pair, but the general trend indicated by the 
two tests is similar. If averages for groups of five sections are 
considered rather than results for individual sections, the simi- 
larity becomes more obvious. The results show that where the 
delamination is small the test values from the 21-day test are 
slightly higher than those from the 180-day test. With increased 
magnitude of delamination, however, the reverse trend is indi- 
cated. It is possible that with highly undercured glues, the 
longer leaching period of the 180-day test may be more damaging 
to the joints; on the other hand, the differences in results are 
somewhat inconsistent and are probably not significant. 

Comparison of Results of Weathering Test and Accelerated 
Vacuum-Pressure, Soaking-Drying Test. Since exposure to 
weathering causes deterioration of imperfect glue bonds (made 
with phenol, melamine, or resorcinol resins), it was used as a 
basis of comparison for the accelerated vacuum-pressure, soak- 
ing-drying cycles. It is recognized that weather conditions vary 
in different localities and result in a more severe exposure in one 
part-of the country than in other parts. In the Madison area, 
where these tests were conducted, however, the climatic changes 
throughout the year are rather drastic, and the stresses induced 
in unprotected wood products due to temperature and moisture 
changes are quite severe. Consequently, it is believed that the 
glues and curing conditions which produced bonds that performed 
satisfactorily in unprotected outdoor exposure throughout the 
yearly cycle would be adequate for most exterior services; 
whereas appreciable delamination would indicate inadequate 
bonds. However, no attempt has been made to determine the 
relation of the severity of weathering period to the cyclic test in 
deterioration or delamination of glue joints. 

In Table 3 a comparison is made between results of the 21-day 
cyclic test and weather exposure on white-oak beams. Percent- 
age delamination (length of open glue joints) is shown in parallel 


TABLE3 AMOUNT OF DELAMINATION DEVELOPED IN WHITE- 

«OAK BEAM SECTIONS SUBJECTED TO ACCELERATED VACUUM- 

PRESSURE CYCLIC TEST (21-DAY TEST), AND IN BEAMS EX- 
POSED TO WEATHER FOR APPROXIMATELY 1 YEAR 


———— Delamination—— ———- Delamination 
In vacuum- Under In vacuum- Under 
pressure weather pressure weather 
cycle, exposure, cycle, ex posure, 
per cent per cent per cent per cent 
0.5 3.1 10.2 28.0 
0.6 4.1 11.9 12.5 
0.9 4.4 12.0 . 28.0 
0.9 9.6 14.8 42.8 
Ad Cx) 16.0 54.0 
1,2 5.9 16.5 40.0 
1.3 11.4 Lies 37.8 
1.4 9.9 19.2 27.0 
ere 10.9 22.1 55.4 
2.0 14.0 25.5 46.6 
QZ lal eve 29.4 44.0 
222 13.0 48.0 100.0 
2.3 18.7 76.0 95.0 
2.4 5.7 78.0 96.0 
2.7 opel 92.0 95.0 
2.9 5.9 100.0, 100.0 
2.9 13.3 
3.3 6.0 
3.6 (ee? 
4.1 6.0 
4.1 20.5 
4.2 25,1 
4.3 4.0 
4.4 EO 
4.4 23.9 
5.9 18.1 
6.0 27.9 
6.1 11.2 
8.2 13.5 
9.5 32.6 


columns for beam sections subjected to cyclic test, and the beams 
exposed to the weather for approximately 1 year. Similar com 
parative tests were made, using the 21-day cyclic and the weather- 
ing tests on groups of hard maple, southern yellow pine, and 
Douglas-fir beams. In most cases the specimen for the cyclic 
test was ‘cut from the same beam that was exposed to the weather, 
and in every case the cyclic section represented the same species, 
glue, and curing condition that were used with the weather- 
exposure beam. In determining the amount of delamination in 
the cyclic test, both end-grain surfaces of the specimen were 
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TABLE 4 AVERAGE AMOUNT OF DELAMINATION BY GROUPS OF BEAMS IN VACUUM- 
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PRESSURE SOAKING-DRYING CYCLE AND WEATHERING TESTS 


Grouping 


Southern pine 


— 


——_Whi — Hard maple- and Douglas-fir. 
By. pneed hbase Delamination eee 
nation in -—— Per cent . -——Per cent—— AY ——Per cent—— 
i oO. i 
oe on Cycle Weather- of Cycle Weather- of ‘Cycle Weather- 
per cent beams ing beams ing beams ing 
0 to 1.0 4 0.8 50) 3 0.8 4.5 28 0.2 a 
l.lto 2.0 6 1.5 9.8 ¢ es, 6.8 “¢ 1.8 ae 
21to 5.0 15 Bus 16: 8 2.3 12.7 9 3.0 ae 
5.1 to 10.0 5 (bes 20.5 2 6.6 18.8 5 7.0 ie 
10.1 to 20.0 8 14.8 33.8 4 E37 33.6 4 12.6 to} 
20.1 to 30.0 3 25.7 48.7 0 Os af 2 24.8 he 
Over 30.0 5 78.8 97.2 0 1 88.9 99. 
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Fic. 8 Comparison or DeLaminaTion VALurs OpTaineD WITH, 
VaAcUUM-PRESSURE SOAKING-DRYING CYCLE AND EXPOSURE TO 
; WEATHER 


examined and the condition of the glue joints recorded; whereas, 
in the weathering test, the amount of delamination in the glue 
joints was based only upon the one end surface of the beam fac- 
ing south. ‘This may have been an important factor in determin- 
ing the amount of delamination recorded in the two tests and may 
have affected to some extent the consistency of results. 

The results on white-oak beams, Table 3, show considerable 
divergence between individual specimens, and the same was true 
for the other species. However, the general trend of increasing 
delamination in the cyclic test with increased delamination under 
exposure to the weather was exhibited in all the tests. This trend 
becomes even more apparent when the averages of groups of 
specimens are taken. Such averages of groups for the different 
species (southern yellow pine and Douglas fir grouped together), 
shown in Table 4 and presented graphically in Fig. 8, indicate 
the general relationship between the two types of test. The 
pattern of the data suggests the probability of a somewhat dif- 
ferent relationship for the hardwoods and softwoods, but the 
indications are not yet sufficiently definite to warrant positive 
conclusions. a ; 

The failure of glued joints is frequently the result of improper 
gluing technique, and, in the case of thermosetting glues to be 
used for exterior purposes, improper cure has often been found 
to be an important cause of failure. The vacuum-pressure 
soaking-drying cyclic test has been found convenient to deter- 
mine the required curing temperature for different glues. Its 
use in determining the adequacy of joints in laminated white-oak 
beams, glued with two different intermediate-temperature-setting 
phenols is shown in Fig. 9, where percentage of delamination is 
plotted against the curing temperature. 

The plotted values were obtained by applying the cyclic test 
to two 3-in. sections from each beam, while the remainder was 


exposed to the weather. Hence each point on the graphs is 
based upon results from two specimens. From the graphs it 
may be noted that the amount of delamination is closely related 


to temperature of cure and was found to correlate well with the’ 


amount of delamination that developed on the parts of the beams 
exposed to weathering. 

Results of block-shear tests on. the same white-oak beams are 
also shown in Fig. 9. There was no significant difference in 
shear strength for the various curing temperatures. The wood- 
failure values, however, decreased generally with lower curing 
temperatures and appeared to disclose incomplete cure and poor 
durability better than the strength results. 
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Fic. 9 Resutts or VacuuM-PREessuRE SoakInG-DRyING Cycuic 
Tests AND Buock-SHEAR TESTS ON WuITE-Oak Beams GLUED WITH 
Two DirrerReENtT ADHESIVES CURED AT VARIOUS TEMPERATURES 


The appearance of beam sections and of the beams after the 
21-day cyclic and weathering tests, respectively, are shown in 
Figs. 3, 4, 7, 10, 11, and 12. Figs. 3 and 4 show white-oak beam 
sections subjected to the vacuum-pressure cycle test, in which 
poor and good joint durability are indicated. Figs. 7 and 10 
show two similar beams after exposure to the weather for 4 years 
with comparable results. Figs. 11 and 12 show six white-oak 
beams that represent a wide range in joint performance and dura- 
bility when exposed to the weather, with the percentages of 
delamination obtained in the 21-day cyclic and weathering tests 
given in the captions. 

Extensive block-shear tests were made on many of the beams 
immediately following their manufacture and at various stages 
during exposure in the other forms of test. Most of the results 
of such shear tests are not here presented because they were not 
found to indicate accurately joint performance under severe 
exposures. While the block-shear test is of value for the control 
of original joint quality, no close correlation exists between origi- 
nal joint strength and later delamination in weathering tests 
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Fie. 11 Laminatep WHITE- 
Oak Beams ExposEp TO WEATH- 
ER FOR ABouT 2 YEARS, FROM 
Lert To Ricut, SHOWED PER- 
CENTAGES OF DELAMINATION OF 
100, 95, AND 9.38, RESPECTIVELY 


(Delamination values obtained in 

2i-day cyclic test on sections cut 

from these beams were 92, 76, and 
3.6, respectively.) 


Fig. 12 LaminaTepD WHITE- 
Oak Beams, GLUED W1TH THREE 
DIFFERENT GLUES AND EXPOSED 
tro WEATHER FOR ABovUuT 3 
Years, From Lert to Raut, 
SHOWED PERCENTAGES OF Ds- 
LAMINATION OF 15.7, 11.8, AND 
8.5, RESPECTIVELY 


(Delamination values obtained in 

2i-day cyclic test on sections cut 

from these beams were 6.1, 3.6, and 
1.5, respectively.) 
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Neither is block-shear strength after exposure as reliable an indi- 
cation of joint durability as the percentage of delamination in 
accelerated cyclic tests. The estimated wood failures in the 
block-shear fest have been found to be a better indication of 
durability under severe exposure than the shear-strength values 
when glues of known durability are used. Estimated wood fail- 
ures in the dry block-shear test, however, are of no value in dis- 
tinguishing between durable-and nondurable glues. 


CoNcLUSIONS 


In conclusion, it appears that the vacuum-pressure, soaking- 
drying cyclic test gives a reliable indication of glue-joint dura- 
bility inlaminated beams under severe exposure; that it is fairly 
comparable in severity and results obtained with a longer soaking- 
drying cyclic test; that wetting-drying cyclic tests are more 
severe than continuous soaking and more nearly comparable to 
weathering as an indication of joint performance in heavy tim- 
bers; and that the block-shear test, while of value in judging 
original joint strength, does not indicate joint durability under 
weather exposures as accurately as percentage of delamination in 
accelerated cyclic tests, but that details of the vacuum-pressure, 
soaking-drying cyclic test are not yet fully known, especially as 
related to different species. 


Discussion 


C.F. MacLaaan.? When we first learned of the development 
of this “short-term” testing method, through visits to the au- 
thors’ laboratory, we became considerably interested in it since 
the “quality of the bond” is measured without employing ele- 
vated temperature which in many instances further cures an in- 
completely cured glue line rather than determines the actual glue- 
line quality. Thus the necessary equipment was installed and 
many tests of this order have been carried out. Comparative 
tests between the 21-day vacuum-pressure procedure and l-year 
unprotected outdoor exposure on a rack on our laboratory roof 
in Bainbridge, N. Y., reveal a fairly close correlation. This 
difference in our results over the results obtained at Madison may 
very well be due to the difference in climatic conditions. 

What has been the experience in the effect of the thickness of 
the individual laminates making up the laminated beam section 
for this test? Does not the test become more stringent as the 
thickness of each laminate is increased? 

What have been the experiences with regard to the results ob- 
tained on different species? For example, has it not been found 
that an adhesive exhibiting considerable delamination on white 
oak may exhibit no delamination on Douglas fir? 


7 Casein Company of America, Research and Development Labo- 
ratories, Bainbridge, N. Y. 
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What are the authors’ views regarding the adaptation of this 
testing method for such constructions as plywood to stud sec- 
tions, etc., as employed in prefabricated house building? 

Referring to methods of shortening the time factor for this 
type of cycle testing, has any consideration been given the use of 
3 days’ drying at 100 F rather than 6 days at 80 F. It is the 


writer’s belief that the use of 100 F would not be instrumental in 


promoting further curing. 
AuTHORS’ CLOSURE 


In a study not reported on here laminated beams were pre- 
pared from laminations varying over a considerable range both 
in width and thickness. The beams were fabricated according 
to the best-known technique with a durable glue and, when sub- 
jected to cyclic tests similar to those described here, no appre- 
ciable amount of delamination developed in any of them. 

The stresses developed in a laminated section depend, among 
other factors, on the dimensions of each lamination. However, 
variations in stresses for different constructions occur not only 
during accelerated exposures, but also in service. Hence it is 
important that a test indicate the performance of the glue bonds, 
irrespective of the thickness of laminations or other construction 
details and the ability of the glue bonds to withstand the stresses 
developed in the particular construction under service condi- 
tions. 

In regard to results obtained with different species, it is true 
that joints in certain species fail while in others, although made 
with the same adhesive and under the same conditions, no failure 
develops.* Offhand this might seem as if the test would be ap- 
plicable to the one species, but not to the other. However, long- 


term weather exposures have confirmed that glues and gluing _ 


conditions that produce adequate bonds in one species may be 
unsatisfactory for another, so in reality the test gives a true indi- 
cation of the glue-bond requirements for each species. 

The purpose of the test is to bring about rapid failure where 
under ordinary exposure conditions failure would eventually 


develop after various periods of service, and it is entirely possible 


that it might be adapted to testing of other than laminated con- 
struction. In fact; the authors have used a modification of this 
test to evaluate the glue bonds in boat-frame assembly joints 
(frames joined with plywood gussets). It must be kept in mind, 
however, that in its present form the test is necessarily severe 
and that for constructions not intended for exterior service modi- 
fications would be required. 

Shortening of both the soaking and drying periods of the cycle 
has been tried and appears to be feasible provided the drying 
conditions are favorable. A drying temperature somewhat higher 
than 80 F has also been used and is especially beneficial where it is 
difficult to maintain a low humidity. 


Studies in Boundary Lubrication—II 


Influence of Adsorbed Moisture Films on Coefficient 
of Static Friction Between Lubricated Surfaces 


By W. E. CAMPBELL! anno E. A. THURBER,! MURRAY HILL, N. J. 


Extraordinarily high values of the coefficient of static 
friction between steel surfaces lubricated with straight 
chain normal hydrocarbons (heptane to decane) are shown 
to be due to a film of adsorbed moisture at the solid-liguid 
interface. Friction measurements on a highly refined 
paraffin-base oil applied to surfaces in equilibrium with a 
dry and a moist atmosphere, confirm this idea, the coef- 
ficient of friction being 0.35 for the dry and 0.6 for the moist 
lubricated surfaces. Friction measurements are recorded 
for four fundamentally different lubricant types on steel, 
brass, and glass in equilibrium with dry air and air of 75 
per cent humidity, respectively.. The friction is in all 
cases raised from 40 to 70 per cent in the high humidity, 
the effects being particularly pronounced on glass. The 

“results of the tests provide an explanation for many of 
the discrepancies among oiliness results in the literature 
obtained by the static-friction method, and indicate that 
the humidity of the atmosphere plays a significant part in 
the mechanism of boundary lubrication. 


INTRODUCTION 


HE coefficient of static friction between lubricated sur- 

faces under boundary conditions has been shown by 

Rayleigh (1)? to increase when water is added to the lubri- 
cant. Hardy (2) later made a quantitative study of water solu- 
tions of certain organic liquids over a wide concentratton range 
and found that the friction was raised by the presence of water. 
More recently Rhodes and Allen (8) found that water vapor in 
the air caused. a rise in static friction, and in the first paper of 
this series (4) similar effects were noted. At no time, however, 
has a thorough investigation of the effect of adsorbed moisture 
films on the coefficient of static friction been made for commonly 
employed lubricant types. It is the object of this paper to record 
the results of such an investigation. 


a desiccator through which dry air could be passed while a run was 
in progress. The capacity of the desiccator was 10 liters and the 
rate of air flow, in general, of the order of 100 liters per hr. Re- 
peat measurements were made by withdrawing a stop 0.01 in. from 
the slider. Successive measurements could thus be made with- 
out admitting atmospheric air to the surfaces. The slider con- 
sisted of three 1-in. chromium-steel balls clamped at the apexes of 
a triangle between two steel plates. The plate was of hardened 
tool steel having an optically plane surface. 

The procedure in making a run was to clean the surfaces of the 
balls and of the plate by an abrasive method, the test for cleanli- 
ness being the ability of water to wet surfaces uniformly in a very 
thin film (4, 5). After rinsing with redistilled alcohol and drying 
in a current of clean dry air, the slider was placed upon the plate, 
which in turn was placed upon a leveling platform mounted inside 
the desiccator. - Dry air was then passed at a rapid rate for 15 
min, and two or three preliminary clean-friction determinations 
made in order to check the cleanliness of the surfaces. If these 
measurements indicated that the surfaces were clean (p 
= 0.78 + 0.04), the lid of the desiccator was raised, the slider re- 
moved, and the balls shifted to expose a fresh surface of contact. 
A sufficient amount of the liquid to be tested to form a poo] com- 
pletely surrounding the balls of the slider when in position was 
added to the plate and the slider placed in position. The 
desiccator was closed and dry air was passed again from 10 to 20 
min before starting friction readings. The rate of flow of air 
through the chamber was then cut down to 60 liters per hr in order 
to reduce the rate of evaporation of the lubricant. The paraffins 
used in these studies were obtained from the U. S. Bureau of 
Standards and were of very high purity. They were redistilled 
over sodium and kept sealed in pyrex tubes until ready for use. 


Moisture Errects ror PurE HypDROCARBONS ON STEEL 


The early results on octane, nonane, and decane gave initial 


TABLE 1 RESULTS OF TESTS ON OCTANE AND DECANE 
Lubricant gy ° 
Oct Coefficient of static friction. 4 0.76 0.75 0.70 0.64% <0.3+ <0.45 0.50 0.51 0.53 
Crane wy \(hime, nin seek eee ime 12 16,8 21 25 32 36 42 50 
D Coefficient of Etatic friction. yw 0.88 0.74 0.64 0. 65 0.58¢ 
CCSD CM Mire tm nee ete eee t 10 20 30 40 50 


2 No visible traces of lubricant left on plate. 
b Slider slipped at initial load applied. 
¢ Small pool of lubricant under each ball. 


DESCRIPTION OF METHOD 


The method used was essentially that of Hardy and has been 
described in detail in the earlier paper (4). It consisted in deter- 
mining the load necessary to make a three-legged slider slip on a 
polished horizontal surface. The experiments were carried out in 


1 Bell Telephone Laboratories, Inc. 

2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Research Committee on Lubrication and pre- 
sented at the Annual Meeting, Atlantic City, N. J., December 1-5, 
1947, of Tap AMERICAN SOCIETY OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Paper No. 47—A-18. 


coefficients of friction varying between 0.7 and 0.8, indicating 
that, under the conditions of the experiment, these liquids were 
nonlubricants on steel. These results were quite unexpected in - 
the light of Hardy’s measurements, which gave values varying 
between 0.35 and 0.45 for similar substances. In later runs on 
octane and decane, readings were continued until the bulk of the 
lubricant had evaporated. It was noticed that the readings be- 
came lower as the pool of lubricant became discontinuous due to 
evaporation from between the balls, and that the downward 
trend was accelerated as the last visible traces of lubricant 
vanished from the surface. Results indicating this effect are 
given in Table 1. 

In still later work, measurements were continued for some time 
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oe a BET anes RE SAT ee spectively, obtained by Hardy (6) on steel surfaces — 
| loctane | |. | | iH “| for which « = 0.74. 
308 pe eee se a re 
£8 Lora as | | Le] \° Morsture Errects ror UNLUBRICATED SURFACES 
so i NONANE |_| Bi The latter of the two explanations just given 
rae Nora zi J ut sl staan Vira oe serves to account for the downward trend observed 
Sk . <I 2% *| [os Pie in earlier work (4), where the measurements were 
2 0.2 oe Pe ma ol ed ee ce -— made in a dry atmosphere but the oil was placed 
ata a | INITIAL GONTINUOUS POOL | : . 
i DIMINISHING IN SIZE | on the surfaces before drying. Furthermore, in any 
oL 1. = —— — Sea oe rer seo -—«Seies of dry-friction readings taken by the standard 
TIME IN MINUTES technique above, the first reading was invariably 
Fic. 1 Corrricienr or Sratic Friction Steri—Hyprocarson—Sreet as a higher by a factor of about 10 per cent. It ap- 


FUNCTION OF TIME 


TABLE 2 RESULTS OF TESTS ON OCTANE AND NONANE 


Lubricant 
» 0.838 0.79 0.76 0.73 0.654 <0.56 0.30~_0.33 0.33 
15 20 25 30 35 40 60 70 80 
Octane 1, 0.63 0.72 0.68 0.82 0.80 0.78 0.77 0.82 0.83 
100 et Ome70 180 190 200 330 340 350 
BOS70L On7S) -Onvvam Onto ann 70 0.70 0.59 0.514 0.45 
N t 5 10 20 30 40 70 115 160 200 
OB e eT OL So OTA ORET ONT ONT 0.87 0.82 
$235. 250'') 260, 320 350 340 350 


4 No visible traces of lubricant left on plate. 
b Slider slipped at initial load applied. 


after all traces of visible lubricant had disappeared. The results 
given in Table 2 and plotted in Fig. 1 are typical of the behavior 
observed in these runs. Similar results were obtained for very 
pure butyl alcohol, except that the initial coefficient was not 
quite so high, being of the order of 0.6. It will be noticed that the 
results pass through a minimum and then trend upward, reach- 
ing a constant value equal to the clean value for steel on steel. 
Water run over the slider and plate at the end of the run re- 
mained in a continuous thin film, indicating freedom of the 
surfaces from adsorbed organic films. 

These results may be explained in two ways: (a) on the 
assumption that evaporation of the hydrocarbon deposited a film 
of volatile impurity on the surface which is subsequently re- 
moved by evaporation. This seemed rather unlikely, since vola- 
tile organic impurities would be low-molecular-weight com- 
pounds and would not be expected to give friction values as low 
as those recorded. An alternative explanation (b) which seemed 
more in line with the facts observed, was that a film of moisture 
was trapped at the hydrocarbon-metal interface when the lid of 
the chamber was removed for placing the lubricant and slider in 
position, and was responsible for the high initial, friction values 
recorded. The water evaporated after the bulk of the hydrocar- 
bon had disappeared. The friction at the minimum point was 
that due either to a mixed hydrocarbon-water film or to a hydro- 
carbon film in equilibrium with the hydrocarbon vapors in the 
chamber. With further passage of air, the last traces of hydro- 
carbon were removed from the surfaces and the friction rose 
again to the clean value for steel on steel. 

On this latter basis, a steady value of «, much lower than the 
initial values previously recorded, should be obtained when a film 
is deposited on the surfaces from the hydrocarbon vapors’ alone. 
- To test this point, the slider and plate were placed in the cham- 
ber after cleaning, and allowed to dry thoroughly, the slider being 
mounted on a pedestal out of contact with the plate. After 1/.- 
hr passage of dry air, the stream was diverted so that it bubbled 
through the hydrocarbon before entering the chamber. After 
thoroughly saturating the atmosphere in this manner, the slider 
was manipulated onto the plate without opening the chamber. 
Using this method, the following results were obtained: Hep- 
tane, » = 0.57; octane, » = 0.48; decane, » = 0.44, each re- 
sult being the mean of 10 readings showing no trend of any kind. 
These results compare with values of « = 0.48, 0.41, 0.39, re- 


peared that even, with clean surfaces, water adsorbed 

from the surrounding atmosphere before drying the 
chamber was held between the balls and the plate, and could 
produce increased friction. To test this possibility further, the 
following experiment was carried out: 

The slider and plate were dried in the desiccator out of contact 
with each other. The slider was then placed on the surface with- 
out opening the chamber and five readings were taken in the 
resulting very dry atmosphere. The readings were u 0.75, 
0.77, 0.73, 0.80, 0.75. The lid of the desiccator was now re- 
moved, the slider lifted out, and, after a few seconds’ exposure 
to the room atmosphere (relative humidity 52 per cent), re- 
placed on the plate. The lid was replaced and dry air passed ~ 
for 15min. Three readings using this procedure between readings 
gave wu = 1.05, 0.94, 1.16. Three additional readings without re- 
opening the chamber gave values of » = 0.78, 0.73, 0.79. 

A similar experiment with a silver slider on a nickel plate gave 
even more striking results. Five readings with both surfaces dry 
in a dry atmosphere gave » = 0.40, 0.37, 0.38, 0.37, 0.40. Two 
readings taken by exposing the surfaces briefly to air and subse- 
quent drying in contact gave » = 0.84 and 1.00. 

Further readings taken without reopening the chamber gave 
uw = 0.38, 0.36, 0.39, 0.37, 0.37. The chamber was now opened 
again, slider and plate breathed upon gently, and the slider re- 
placed immediately after the visible moisture had evaporated. 
After from 30 to 50 min drying, readings were taken. The re- 
sults for three measurements carried out in this manner were p = 
2.13, 1.57, and 2.57. Upon opening the chamber and taking 
readings with the whole apparatus exposed to room humidity, a 
value of « = 0.34 was obtained as the mean of five readings and 
breathing upon the surfaces had no effect. 

The nature of the slip was entirely different when the high read- 
ings were recorded, being very sharp and sudden as contrasted with 
relatively even movement for the lower values. The additional 
force required to produce slip, after exposure of the surfaces to 
moisture and subsequent drying, must be due to an invisible’ 
film of moisture adsorbed near the zone of metallic contact. Over 
the rest of the surface the film is absent. The area at which the 
water is held must be. very small and the high friction cannot 
be due to ordinary capillary forces. Possibly chemical bonds have 
to be destroyed before slip occurs. 

The situation for an adsorbed water film at an oil-metal inter- 
face is different in that the water film extends over both surfaces. 
The mechanism in this case will be discussed later. The clean- 
friction results provide a demonstration, however, of the enorm- 
ous effects which can be produced by an invisible adsorbed film 
of water, q 


Motsrurs Errects ror Wuiter Or, on Sreen 
In many of the earlier studies on reproducibility, highly re- 
fined white paraffin-base oils were used because they were con- 
sidered to represent a comparatively simple and reproducible 
type of commercial product. Therefore the first studies of 
moisture effects were made upon such an oil which had been 
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percolated through Fuller’s earth. This oil was then divided into 
two portions, one of which was shaken with freshly distilled 
water and allowed to stand in contact with water until ready for 
use. The other portion was dried by shaking with anhydrous 
sodium sulphate. Measurements of the static coefficient were 
then made for the following combinations: 

1 Dry oil on dry surfaces. 

2 Moist oil on dry surfaces. 

‘3 Dry oil on moist surfaces. 

4 Moist oil on moist surfaces. 

In making dry measurements, the surfaces were dried out of 
contact as described earlier, the dry oil was added to the plate 
without opening the chamber, and the slider then manipulated 
into position. For the measurements on the moist surfaces, the 
slider and plate were allowed to come to equilibrium with de- 
greased air at 50 pér cent relative humidity before addition of oil. 


For measurements using dry oil, dry air was passed at 100 liters per ~ 


hr during the course of the run; when moist oils were used, de- 
greased air at 50 per cent relative humidity was passed. The oils 
were spread to cover the entire surface of the plate by means of a 
clean glass rod inserted through the air-exit hole. The graphited 
oil was the white mineral oil to which a commercial suspension of 
colloidal graphite in oil had been added to give a concentration of 
0.02 per cent. : 

TABLE 3 EFFECT OF MOISTURE ON COEFFICIENT OF STATIC 


FRICTION BETWEEN STEEL SURFACES LUBRICATED BY A 
’ WHITE MINERAL OIL 


Average 
’ deviation 
Condition Condition from mean, 
of oil of surfaces “ per cent 
Dry Dry 0.33 2.3 
'Dry Dry 0.36 3.4 
Dry Dry 0.35 4.9 
Moist Dry 0.37 4.5 
Dry Moist 0.61 2.7 
Moist Moist 0.62 2,1 
Moist Moist 0.60 6.4 
Graphited Moist 0.60 10.6 
Graphited Moist 0.54 7.0 


In all the measurements, which are recorded in Table 3, the 
mean of 10 readings was taken after the friction had reached a 
steady value, since slight initial trends were sometimes noted. 
Although the reproducibility of a given set of 10 readings for the 
dry oil on dry surfaces is not appreciably better than that ob- 
tained in earlier work on undried oils and surfaces, considerably 
closer checks were obtained for the means of repeat determina- 
tions. ° 

The results confirm the effects observed for the hydrocar- 
bons. It appears that the presence or absence of a moisture 
film on the metal surfaces before addition of oil is the important 
factor, because low results were obtained for a moist oil on a dry 
surface, while high results were obtained for a dry oil on a moist 
surface. 

It is claimed that the graphite in a graphited oil adsorbs on the 
surfaces producing a ‘‘graphoid’’ surface of very low friction, and 
that such surfaces suffer correspondingly low wear. The results 
for the two measurements on a graphited oil indicate that no 
such film forms under the conditions of the experiment. The 
second group of measuréments were made after rubbing the 
slider Over an area of about 9 sq mm surrounding each ball for 
10 min, allowing the surfaces to stand in contact for 24 hr, and 
repeating the agitation. Readings were then made on the por- 
tions of the surface which had been abraded in this manner. 
Though some lowering is evident, it is not sufficient to be caused 
by a graphite film,‘ and could be accounted for by the presence of 


3 Early measurements on a similar white paraffin-base oil had 
yielded values varying from 0.26 to 0.47. 

4 Measurements of u for the same slider against a graphite surface 
gave a value of 0.25. — 
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polar constituents in the graphite suspension. It seems clear 


‘ that if a graphoid film forms in a bearing under operating condi- 


tions, its formation must require considerable time and running- 
in. 
FOR Varrous Souim-Luspricanr Comsr- 


NATIONS 


Moisture Errects 


Having established the mechanism of the friction rise produced 
by moisture films in the case of a type of oil known to be weakly 
adsorbed on steel, experiments were carried out to determine the 
nature of the effect for a series of typical oils on steel and brass. 
The same oils were then tested on glass surfaces, which were used 
extensively in Hardy’s work, and which are of interest in mecha- 
nism studies because of their hydrophilic nature. 

The static friction between the lubricated surfaces was deter- 
mined for the dry oil on the dry surfaces by the procedure already 
described. For moist runs the surfaces were allowed to come to 
equilibrium with an atmosphere of 75 per cent humidity before 
addition of oil. The high-humidity measurements were carried 
out in a constant-humidity room at a temperature of 25 C. The 
surfaces were cleaned and dried by the standard procedure and 
were then allowed to come to equilibrium in the moist atmosphere 
for 1/2 hr, during which time several clean values for « were de- 
termined. It is of interest to note that these clean values are the 
same as the clean values in a dry atmosphere for each of the 
three solids. The brass slider was similar to the steel slider, 1-in. 
brass balls being clamped in a duplicate steel frame. The glass 
slider consisted of three clear glass marbles 5/; in. diam set in a 
steel frame. The brass plate was flat to 1 X 107-5 in. and was 
polished free of visible surface scratches. The glass plate was cut » 
from a piece of plate glass. 

The values obtained from these measurements are given in 
Table 4. They generally represent the mean of the first 10 values 
obtained for a given combination and set of conditions. 

The results for repeat runs on the moist surfaces were not al- 
ways very reproducible, particularly in the case of lard oil and 
oleic acid on glass. The lowest moist value, however, was always 
considerably *higher than the corresponding dry value. Where 
more than one determination was made, the mean is recorded in 
Table 4. 


TABLE 4_ EFFECT OF MOISTURE ON COEFFICIENT OF STATIC 
FRICTION BETWEEN LUBRICATED METAL SURFACES 


EG SR 


We 
Brass 


Glass 
Lubricant Dry Moist Dry Moist Dry Moist 
. White mineral oil... 0.35 0.56 — 0.30 0.56 0.27 0.95 
Spindle oil.......... 0.27 0.46 0.27 so 0.16 0.70 
rata oUty c+, srsoayvee Os ed, 0.33 0.11 ae 0.16 0.85 
Oleig-Bcid 20. 25... 0.12 0.20 0.15 0.34 0.16 0.81 
pw Steel-steel = 0.76 . 
» Brass-brass = 0.86 - 
p» Glass-glass = 0.96 


It will be noticed that the friction-raising effeet of moisture is 
present in every case, and that for steel and brass u for the moist 
lubricated surfaces rates the lubricants in the same general order 
as uw for the dry lubricated surfaces. Adhesion tension work of 


‘Bartell (8) and preferential wetting measurements by Bulkley 


and Snyder (7), have shown that a glass surface is very hydro- 
philic and adsorbs water more strongly than fatty acids. As 
would be expected from these results, the friction-raising effect 
for glass is greater and more persistent than for steel and brass. 
The lower result for the spindle oil is rather surprising, but this 
oil showed unexpectedly low values in several other experiments, 
and the values for the dry runs showed a wider spread than any 
other oil tested. It would appear that this oil contains constitu- 
ents giving it very high oiliness, but, unfortunately, it was not 
possible to obtain detailed information which could be used to 
explain its behavior. : 
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It is worthy of note that there is no definite effect of the base 
metal in the dry measurements in Table 4, such as that which 
has been observed by Hardy and his co-workers (9, 10, 11). 

These workers have also reported a decreasing trend of values 
of static friction for metal surfaces lubricated with polar com- 
pounds. The time for equilibrium to be established varies from 
10 to 16 min and is called the “latent period.” This is interpreted 
as representing the time for the lubricant molecules to rearrange 
themselves in a position of preferred orientation at the metal- 
liquid interface. Some evidence of such a downward trend was 
observed in making the dry measurements herein reported, in 
spite of the careful attempts to exclude moisture. However, the 
time to reach equilibrium was not sufficiently reproducible to be 
given a definite value, and was, in general, of the order of several 
hours. Moreover, although usually absent in measurements on 
nonpolar liquids such as white mineral oil, and somewhat more 
marked for substances sueh as fatty acids, the trend was present 
in many cases where it would be expected, from Hardy’s work, 
to be nonexistent or at most very slight. In view of the trends 
obtained for the hydrocarbons, and those to be described for the 
» moist measurements later, it is felt that the effects observed 
can be explained as being due to traces of moisture or to the 
formation of a corrosion layer at the metal-liquid interface. 


REVERSIBILITY OF Moisture Errectr 


In order to determine to what extent changes in friction could 
be reversed by variation of the water in the atmosphere, several 
experiments were run on surfaces flooded with the white purified 
oil. It was found that changes in friction took place very slowly, 
in the absence of agitation, as was to be expected from the re- 
sults for a moist oil on a dry plate. The results, plotted in Fig. 
2, are the most convincing that were obtained. In this experi- 
ment air was bubbled through water and through: the chamber 
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before the surfaces were flooded with oil. Seventy measurements 
of friction, in groups of ten, were then made ever a period of 5 
hr, moist air passing continuously. The value thus obtained was 
0.63, the dry value for the oil being 0.35. Dry air was then passed 
through the chamber for 178 hr, when the friction had dropped to 
0.49. Further measurements over a period of 4 hr gave a mean 
of 0.46. Moist air was then passed for 30 hr, after which the 
friction had risen to 0.57. ‘Two more sets of readings over a period 
of 11/, hr raised the value to 0.58. : 

It is clear that the phenomenon is reversible to a considerable 
extent, though the process of removal of the water is very slow. 
It is of interest to note that the original high value was never at- 
tained on remoistening the air, probably because, over the long 
periods required to produce drying, some oxidation, resulting in 
the formation of more polar compounds, took place. 


Time EFFrects ‘ 

In many of the runs made on the moist surfaces, a downward 
trend was noted, and readings were continued until equilibrium 
was reached. The results of these measurements are plotted in 
Fig. 3, each point representing the mean of 10 friction readings. 
Similar results were obtained on a large variety of oils, those 
plotted in the figure being representative of the behavior observed. 
The curves are strikingly similar to those for latent period in the 
studies previously mentioned: 

It will be noticed that for mineral oils on brass and steel there 
is little or no downward trend with time, but that addition of a 
polar compound not only lowers the initial friction but produces a 
considerable downward 'trend. It is also of interest that the fric- 
tion coefficient, approached as an equilibrium value, is, in general, 
close to that obtained for the dry oil on dry surfaces, although it 
was not found to be so closely reproducible. 

It is evident that the initial effects are due to a moisture film 
present at the metal-liquid interface, and it seems a fairly obvious 
conclusion that the downward trend is, at least in part, due to 
displacement of this film by polar oil molecules. There is also a 
possibility, however, that chemical action at the interface, re- 
sulting in the formation of soaps, is a complicating factor which 
may explain the lack of reproducibility of the equilibrium times 
and values. Although no results are given for glass in Fig. 3, 
the value was frequently determined after allowing 24 hr for 
equilibrium to be attained. In only one case was anything but 
relatively slight lowering found in this time—in one experiment 
‘the value for lard oil dropped to 0.24 after 64 hr. This indi- 
cates that, given sufficient time, some molecular types may re- 
place the adsorbed moisture film, but it is clear that this film is 
exceedingly firmly attached. In the case of the white mineral oil, 
no downward trend of any kind was ever noted. 

The results for glass lend support to the idea that formation of 
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soaps at the metal-oil interface is responsible, at least in part, 
for the latent-period effect in Fig. 3, since no corrosion reaction 
would be expected for glass. The relatively long times taken 
for the steady low value to be reached give further support to the 
corrosion theory, since the formation of a corrosion film would 
probably depend upon diffusion of oxygen to the interface. Cer- 
tainly orientation in a fluid medium would be very rapid and 
results of preferential wetting studies would also lead to the ex- 
‘pectation of relatively rapid effects. 


Errect oF AGITaTING LUBRICATED SURFACES IN A Morst 
. ATMOSPHERE 


Another indication of the mechanism of the moisture effect was 
provided by agitating the surfaces as described for the graphited 
oil in Table 3. The results of agitation are given in Table 5. 


TABLE 5 EFFECT QF AGITATING MOIST LUBRICATED SUR- 
ACES IN MOIST AIR 


Hh 


Initial Value 
moist after 
Lubricant Surfaces value agitation 

Wibitemmatneraliorl  ojeric:.erteuenncnreieye Steel 0.58 0.50 
Wihitemmimerall Oil accccess eg css Brass 0.56 0.49 
White mineral oil................ Glass 0.93 1.03 
NG ATMO rsvatare mtetscss fs (Spegers caaasietae sos Steel 0.30 0.11 
Maras pil yee ctr bead caterers Glass - 0.85 0.80 
ISI CLA CTC a eet ce teats aKesiote aaa seus Steel 0.20 0.12 
Oleiouacidimmeni eect ee oe Brass 0.34 0:13 
Oleicacid ss. 2h, fase atonteek ee ves Glass 0.81 0.75 


Here again, the effects are completely consistent with preferen- 
tial wetting measurements, if it is assumed that disturbance of the 
interface layers assists the attainment of adsorption equilibrium. 
It will be noticed that a sharp drop in friction takes place after 
agitation in the case of the metals, the. coefficient dropping to a 
value close to the dry value for strongly adsorbed film types, and 
to an intermediate value for the mineral oils. For the white 
mineral oil, the drop was temporary, the value rising again to the 
initial high value on standing. Further information is provided 
in this table to justify the assumption of a persistent adsorbed 
water film on glass, the friction being but slightly affected by agi- 
tation in any case tested. 

In Table 6 are given some rather interesting and unexpected 


TABLE 6 EFFECT OF AGITATING DRY 
FACES IN MOIST AIR 


LUBRICATED SUR- 


Value 
after 
Lubricant Surfaces Dry value agitation 

Wihite-anineral ole. siscjcrsre.c. ele ccs/s seis Brass 0.30 0.42 
NOS Vd OT et RERAOMCOS) ERE SESE IELOR ICL Lect nrO PRONE CREO Steel 0.32 0.41 
Spindle oil + 2 per cent oleic acid...... Steel 0.18 0.29 
Oleickacid ow Soe eins ae Sooo skis ores Steel 0.12 0.17 
CGE opi laa o cio o mon Teoeite noe Serene Steel 0.15 0.24 


data obtained when the surfaces were agitated in an atmosphere 
of 50 per cent relative humidity after an equilibrium value had 
been obtained for the dry oil on the dry surfaces. It will be no- 
ticed that for every combination tested, a significant rise in fric- 
tion was observed. This rise was not persistent, the value of » 
dropping to its original equilibrium value after a few hours. 
The rise can be explained on the assumption that the agitation 
produces a temporary change in the adsorption equilibrium, 
moisture from the air being enabled to occupy temporarily 
some positions in the interfacial film. The subsequent drop 
is probably generally due to formation of metal soaps at the 
interface. 


4 


RELATION BETWEEN FRICTION AND Mo.LrEcuLAR WEIGHT OF 
LUBRICANT 


Having determined the nature and magnitude of the moisture 
effects to be observed, a series of further: runs was made to at- 
tempt to reproduce the linear relation found by other workers 
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(6, 9) to hold between the coefficient of static friction and the 
molecular weight for a given homologous series. Samples of fatty 
acids were carefully purified by redistillation in vacuum until 
their boiling points checked those given in International Critical 
Tables to within +0.1 deg C. In order to approximate the con- 
ditions used in the studies mentioned, watch-glass sliders weighted 
with lead were used in this work. The sliders and glass plate 
were cleaned by immersion in warm chromic acid, thorough 
scrubbing with cotton under tap water, washing with redistilled 
alcohol, and drying in a current of dry air. The experiments 
were carried,out in a chamber which was kept more carefully 
dried than in the experiments already described. The slider and 
plate were dried for 11/2 hr in the chamber out of contact with 
each other. The lubricant was added in such a manner that no 
moisture could be absorbed during addition, and was spread 
over the plate with a clean glass rod inserted in the exit hole of 
the chamber. The results are given in Table 7. , 


TABLE 7 COEFFICIENT OF STATIC FRICTION BETWEEN 
GLASS SURFACES LUBRICATED BY FATTY ACIDS 


Average 
deviation Me 
Fatty No. of from mean, Hardy and 
acid atoms be per cent Doubleday 
PrOPlONIGC wieisjaysve evsiers 3 0.57 ileal 0.63 
0.56 12.7 
Malericsis Sonck acters 5 0.48 9.9 0.53 
0.60 13.8 
Pelargonic......... 9 0.44 6.5 0.28 


These results, in spite of the extreme precautions taken to in- 
sure cleanliness and dryness of the atmosphere, show a wider 
spread than many obtained under much less carefully controlled 
conditions. It is believed that this is in part due to the inherent 
instability of a spherical slider; it was impossible to apply the 
load without causing rocking. It is of interest that no trend 
downward was observed in these experiments, which lends more 
support to the idea that latent period is due to moisture and 
corrosion effect. 

Although the results are not as complete as could be desired, it 
was not felt worth while to make further measurements on any 
other members of the series. It is quite clear that there is no 
simple linear relationship between coefficient of friction and 
molecular weight under the conditions of test, nor is the repro- 
ducibility sufficient to draw more than a qualitative conclusion. 
All that can be stated is that there is a tendency for the friction 
coefficient to decrease with increase in the molecular weight of 
the fatty acids and paraffins. This is in agreement with the 
dynamic-friction results of Beare and Bowden (12) who found no 
simple linear relationship between the coefficient of friction and 
molecular weight. 


DISCUSSION 


The phenomenon of solid friction has been explained as being 
due to the interlocking of surface asperities (13). Another view 
is that friction is due to the attractive forces between the metal 
atoms across the interface (14). Although it is probable that 
the interlocking of surface asperities plays some part in frictional 
processes, particularly when dynamic conditions prevail, it is 
obvious that the moisture effects observed in this study can- 
not be explained by such a mechanism. On the molecular 
theory of friction, the moisture effects can be explained by as- 
suming that the lubricant molecules are more weakly bonded 
and less strongly oriented at an adsorbed water surface. Under 
these conditions the metal atoms separated by the boundary 
film approach one another more closely. The increase in fric- 
tion for lubricated moist surfaces would then be due to the ad- 
ditional force needed to separate a larger number of metal 
bonds. 

Although corrosion of the metal, resulting in the formation of 
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an oriented soap film at the metal-oil interface, is a likely cause 
of the downward trend with time, observed for polar-type lubri- 
cants on moist surfaces, it is not believed pogsible that the low 
results obtained under dry conditions for nonpolar oils on metals, 
and for all the oils on glass, can be explained in this way. 

Many of the effects recorded in this paper may be modified for 
surfaces undergoing continuous relative motion, as indeed the 
results of agitation would lead one to expect. There is little 
doubt, however, that under certain conditions, such as those pre- 
vailing when a mechanism is started on a damp day, adsorption 
of water on the metal surface can exercise an impertant effect. 
Similar studies of the effect. of moisture on dynamic friction and 
wear between lubricated metal surfaces should be of great funda- 
mental interest. ‘ 
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Discussion 


J. J. Brxerman.® The authors observed an increase in fric- 
tional force on adding small amounts of water to two lubricated 
hydrophilic solid surfaces in contact. They state, “this high 
friction cannot be due to ordinary capillary forces’ and, ‘‘the 
moisture effects can be explained by assuming that the tebneant 
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molecules are more weakly bonded and less strongly oriented at 
an adsorbed water surface.” The writer is unable to agree with 
either of these statements. 

A convincing interpretation of the authors’ experimental results 
is rendered particularly difficult because they did not check 
whether or not the law of friction was valid in their work. They 
do not mention having varied the load on their slider or the 
apparent area of contact between slider and support. If the law 
of friction were valid, the cause would be sought in the roughening 
produced by alternate moistening and drying. If the law of frie- 
tion were not valid, then “ordinary capillary forces’’ presumably 
were responsible for the enhanced friction. 

B. O. W. L. Ljunggren® describes a clear case of capillary attrac- 
tion affecting sliding. He pulled a diamond splinter loaded with 
about 49 dynes along a polished iron surface. Microscopic 
scratches were produced in this manner. When the surface was 
lubricated with neatsfoot oil, the scratches became wider because 
the oil surface between diamond and steel tended to contract. 
A separate test showed that the capillary attraction was as great 
as 68 dynes and that the width of the scratches corresponded to 
the load increased by this attraction. 

There exists another capillary phenomenon which usually 
affects frictional force more than does capillary attraction. ‘It is 
due to hysteresis of wetting. It was studied, for instance, by G. 
D. West,’ V. S. Veselovskii and V. N. Pertsov,’ J. J. Bikerman,?® 
and others. The force required to push a drop along a surface 
poorly wetted by the liquid is greater the greater the drop, and 
the greater the hysteresis of contact angle. Quantitative state- 
ments cannot be made as long as so little is known about the 
capillary properties of the system studied by the authors. 

The interpretation given by the authors is a good example of 
the vagueness of the molecular theory of friction. The authors 
assume that in their experiments a water film is present on the 
solid surface and an oil film is present on top of the water film. 
They state: ‘‘Under these conditions the metal atoms separated 
by the boundary film approach one another more closely.” If 
water had reduced the frictional force, the explanation would 
have been that a double film (i.e., water + oil) obviously is 
thicker than the oil film alone. Under these conditions, the metal 
atoms separated by the boundary film approach one another 
less closely. A theory which, with equal facility, can be 
made to agree with contrary experiments cannot be considered 
useful. 

The writer was pleased to see that the authors’ experiments 
contradict Hardy’s belief in a strict correlation between the 
molecular weight and the efficiency of a boundary lubricant. 
This correlation was Hardy’s main argument for the molecular 
theory of friction. A criticism of this theory can be found in a 
paper by the writer.10 ‘ 


M. E. Mercuant.!! Clearly the authors have tracked down 
one of the basic causes of disagreement and lack of reproduci- 
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bility in many of the boundary-lubrication studies made by others 

in the past. They have also made a real contribution to our 

knowledge of the behavior of adsorbed films and their role in 

‘boundary friction. It is such studies as these which are needed to 
solve the many knotty riddles which still prevent us from arriving 
at a harmonious picture of the mechanisms of boundary lubrica- 
tion. We hope that the authors will continue to push back these 
frontiers. 

The authors’ results seem clearly to establish the fact that the 

high friction values which they find in certain cases are due to the 
presence of an adsorbed film of moisture on the solid surfaces; 
there appears to be no other logical explanation. The fadinge 
- for the case where glass friction surfaces were used are particularly 
significant, since in this case the possibility of the effects being 
due to chemical reaction with the surfaces, to form oxides or 
other solid films of reduced shear strength, is practically excluded. 
Further, the facts that (a) the adsorbed water molecules can 
“block off” the adsorption of the long oily molecules on a surface 
and thus keep friction at a high value, and (b) they can do so re- 
versibly, are also important. These findings, too, seem to indi- 
cate quite clearly that the mechanism of friction reduction by the 
oily molecules, under the conditions of the present tests, is that of 
physical adsorption of the liquid lubricant rather than that of 
chemical reaction of the surface and lubricant to form protective 
films of solid material. On the other hand, friction studies made 
in recent years by certain other investigators!” 13 have indicated 
that, under the conditions of their tests, effective boundary 
lubrication is obtained only when the two friction surfaces are 
kept apart by a film of low-shear-strength solid material; ad- 
sorbed films of chemically unchanged liquids were found to be in- 
effective. Thus the present study again turns the spotlight ‘on 
this basic riddle of boundary friction, still unsolved, namely, that 
of the role of adsorbed liquid films versus protective solid films as 
friction-reducing agents, and the mechanism and conditions under 
which each of these can function effectively. When can adsorbed 
liquid films reduce friction, and how, and what conditions are 
necessary to make them ineffective so that solid films must be 
used? Is it, perhaps, that the presence of moisture is the condi- 
tion necessary to make adsorption ineffective? It is hoped that 
the authors may be able to throw some light on this basic problem 
in the future studies. 


W. A. Zisman.!4 The authors have exercised unusual care in 
selecting and controlling the conditions for their measurements of 
the coefficient of static friction, and the result is a valuable addi- 
tion to the scientific literature on the subject of boundary lubrica- 
tion and’ adsorbed films. The importance of the effect of ad- 
sorbed. water is demonstrated beyond doubt, and the large effects 
reported should interest and warn future investigators of bound- 
ary-lubrication phenomena. 

The effect of water on hydrocarbon films (Tables 2 and 3 of 
the paper) appears to be caused by a displacement of the ad- 
sorbed hydrocarbon molecules by the more polar molecules of 
water. This is related to the well-known fact that a layer of a 
pure hydrocarbon will not long protect iron from the rusting 
effects of humid air. The values of yu of 0.75 (in presence of dry 
air) and 1.05 (in moist air) for unlubricated steel on steel dropped 
to 0.35 and 0.60, respectively, resulting in decreases in yu of 0.40 
and 0.45. This nearly constant decrease in » may be a measure 


12 “T ubrication of Metal Surfaces by Fatty Acids,” by F. P. Bowden, 
J. N. Gregory, and D. Tabor, Nature, vol. 156, 1945, pp. 97-101. 
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Additives Under Stick-Slip Conditions,’ by Ms E. Merchant, 
Lubrication Engineering, vol. 2, June, 1946, pp. 3-8. 
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of the ability of a weakly adsorbed film of hydrocarbon molecules 
to lessen metal-to-metal contact under a shearing stress. That 
the coefficient of friction of a slider in a pool of hydrocarbon oil is 
lower in the presence of dry air than moist air can be explained by 
the greater ease of displacing a hydrocarbon layer from a water- 
covered surface than from a dry metallic surface. After all, 
the thin layer of water will offer much less resistance to a shearing 
stress than a layer of metal or of a metallic oxide. The hydro- 
carbon film will rest on a firmer foundation when resting on a dry 
metal, and hence it will not rub off so readily and so will be more 
effective in decreasing the amount and duration of metal-to- 
metal contacts. 

In the absence of oil, the observed coefficient of friction for dry 
steel on steel is probably that for iron covered with a monolayer 
or more of an oxide of iron. When water,is adsorbed, the wet 
film of iron oxide may become transformed to a hydrated iron 
oxide which may shear more readily under stress. That would 
lead to the observed higher coefficient of static friction resulting 
from the adsorption of. water. If that adsorbed water is partly 
or entirely removed by a current of dry air, the film left behind 
may revert to the mechanically stronger form. Such a mecha- 
nism may be the basis of the partially reversible effects discussed 
by the authors in connection with their Fig. 2. An adsorbed 


-film may be thin, but like matter in bulk it may undergo chemical 


or physical transformations which greatly alter its boundary 
properties. It would appear valuable to obtain electron-diffrac- 
tion data before a satisfactory theory of the phenomena reported 
by the authors can be established. 

In connection with Fig. 3 of the payfer, the slow decreases in pu 
observed with mineral oil plus 0.2 per cent oleic acid and with 
lard oil have been attributed by the authors to the formation of a 
corrosion film. It is more likely that these observations are 
caused by the adsorption of a monolayer of a very adsorbable | 
impurity present in the oil (or additive) in a concentration of less 
than 1 part in 10,000. Due to the viscosity of the oil through 
which the polar molecules must diffuse to reach the steel surface 
where rubbing occurs, still more time is required for formation of a 
close-packed monolayer. This would explain why agitating the 
surfaces (see Table 5) causes more rapid attainment of the equi- 
librium condition of the film. 

The several possibilities in the interpretation of the authors’ 
data are indicative of the difficulties of obtaining rigorous con- 
clusions about boundary lubrication in the present state of knowl- 
edge of the condition of films adsorbed at the oil-metal and water- 
metal interfaces. The authors’ painstaking studies of static 
friction are timely and suggestive. If further work is done it is 
hoped that equally careful measurements of » will be made on 
pure hydrocarbons containing known and controlled solutions of 
pure polar compounds, that other polar materials than acids be 
tried, and that electron-diffraction observations be taken of the 
steel surfaces at different stages of the experiments. 


AutHors’ CLOSURE 


By ordinary capillary forces, the authors meant those at the 
surface of a mobile liquid. In the experiments described the 
films cannot be more than a few molecular layers thick; they 
may be monomolecular. The forces involved in separating these 
layers from the solid probably contribute largely to the friction. 

Mr. Bikerman criticizes the molecular theory of friction by 
interpreting it in his own way for a hypothetical case, and taking 
this interpretation as proof of the theory’s lack of usefulness. 
The authors do not find this criticism very convincing. 

The friction between unlubricated steel surfaces was the same 
whether the surrounding atmosphere was dry or moist. In fact, 
value of u of 0.78 was obtained when the surfaces were flooded 
with water. The values of wu for steel — steel above 0.78 were ob- 
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tained when the surfaces were brought together in a moist atmos- 
phere which was subsequently dried. These high values were 
transient, and depended upon the adhesive effect of a water. layer 
trapped at the steel, i.e., steel interface. Dr. Zisman’s explana- 
tiom for the reversible effects, illustrated in Fig. 2 of the paper is 
therefore not in accord with experiment. 
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The formation of soaps at the interface is favored as an expla- 
nation of the trends in Fig. 3 over Dr. Zisman’s explanation, be- 
cause similar trends were not observed when the same oils were 
measuredinadryatmosphere. Furthermore, in some experiments 
with brass, a green color was observed to develop, with time, over 
the metal surface. 


Measurements of Combined Frictional and 


Thermal Behavior in Journal-. 


Bearing Lubrication | 


By S. A. McKEE,! H. S. WHITE,? ano J. F- SWINDELLS? 


Data were obtained in tests with a four-bearing friction 
machine which show that an increase in the load on a 
journal bearing produces a proportional increase in fric- 
tional torque when other conditions of test are held con- 
stant. Under these same conditions an increase in load 
also produces a proportional increase in the fluidity of the 
oil in the bearing. These two effects are the result of the 
combined hydrodynamic and thermodynamic actions in- 
volved in journal-bearing operation with forced-feed lu- 
brication. The increase in torque is influenced by the 
viscosity of the oil, the oil-inlet temperature, the oil-feed 
pressure, the shaft diameter, the clearance-diameter 
ratio, and the length-diameter ratio. "The increase in 
fluidity is influenced by the same factors and also by the 
speed of the journal. Empirical equations are derived 
for the fluidity-pressure relationship for certain condi- 
tions. Also, a graphical method is given for the use of 
this relationship in estimating safe bearing loads. 


NoMENCLATURE 
The following nomenclature is used in the paper: 


= journal diameter, in. 
bearing length, in. 
= running clearance (difference between bearing diame- 
ter and journal diameter), in. 
= total load acting on bearing, lb 
W/LD = pressure on projected area of bearing, psi 
= speed of journal, rpm 
= tangential frictional force, lb 
= F/W = coefficient of friction 
= frictional torque, lb-in. 
= absolute viscosity of lubricant at atmospheric pres- 
sure and bearing temperature, centipoises 
1/Z = fluidity of lubricant at atmospheric pressure and 
bearing temperature, reciprocal centipoises 
1/Z, = fluidity of lubricant at atmospheric pressure and oil- 
inlet temperature, reciprocal centipoises : 
1/Z’ = intercept [at PND (L/D) (D/C) = 0] of line repre- 
senting relation between1/Z and PND (L/D) (D/C). 
a = constant in Equations [1] and [2] 
b = constant in Equation [1] 
m = constant in Equation [2] 
n = exponent in Equation [2] 
H, = rate of heat supplied to one bearing from both enter- 
ing oil and bearing friction, in-lb/min. 
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AT, = temperature rise’ above ambient of loaded side of 
bearing shell (average of four bearings), deg Fr 
AT, = temperature rise above ambient of oil leaving ends 
of bearings (average of four bearings), deg F 
Q = rate of oil flow per bearing, cu in. per min 
ZN/P. = generalized operating variable 


INTRODUCTION 


The operation of a journal bearing under a steady state of 
temperature distribution with forced-feed lubrication is depend- 
ent upon a number of factors pertaining to the conditions of 
operation and to the geometry of the bearing. The relation of 
these factors to the performance of the bearing is very complex, 
involving both the rate at which the heat is generated in the 
bearing and the rate at which it is carried away. This paper 
deals with the general characteristics of data observed in in- 
dividual test runs with journal bearings and involves an analy- 
sis of the resultant effects of the combined hydrodynamic and 
thermodynamic actions upon the performance of the bearings. 

These tests were part of a research program carried out with the 
co-operation and financial assistance of the National Advisory 
Committee for Aeronautics. They were made with a four-bear- 
ing friction machine and covered a wide range of conditions 
typical of heavy-duty service. 


APPARATUS 


Four-Bearing Friction Machine. The apparatus used in this 
investigation has been described in detail in a previous publica- 
tion.? The four-bearing friction machine and auxiliary apparatus 
are shown in Fig. 1. Fig. 2 shows the major elements of the 
friction machine disassembled. The machine consists essen- 
tially of four test bearings on a common shaft. The bearings 
are mounted in self-aligning ball-bearing swivels which are pre- 
vented from rotating by flat springs. The two outer bearings 
are fastened to the housing while the two inner ones are located 
in plates sliding in guides. Load is applied by hydraulic jacks 
under the two inner bearings. The complete housing floats on 
the horizontal shaft and acts as a cradle dynamometer. . 

Oil is fed to the bearings through the drilled shaft which has 
two oil holes at the longitudinal center of each bearing. Ojil-feed 
pressure is maintained by a motor-driven pump with a relief 
valve for pressure control. 

Bearing temperatures are measured by thermocouples em- 
bedded in the metal at the loaded sides of the bearings. 

Shafts and Bearings. The shafts used in these tests were made 
of crankshaft steel. ‘Two nominal sizes were used, 2 in. diam and 
11/, in. diam. 

The test bearings were solid steel sleeves lined with a thin 
layer of copper-lead. Their nominal dimensions were as fol- 
lows: 


3 “Performance Characteristics of Journal Bearings With Forced- 
Feed Lubrication,” by S. A. McKee, H. 8. White, A. D. Bell, and 
J. F. Swindells, NACA Wartime Report ARR No. 4H15, Aug., 
1944. 
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Fig. 1 Fricrion-MacHIneé INSTALLATION 


3 sets of 2-in-diam xX 1!/,-in. bearings having D/C’ ratios 
(see nomenclature) of 1142 (set la), 556 (set 1b) and 348 (set Ic), 
respectively. 

3 sets of 1!/s-in-diam. X 25/32-in. bearings having D/C ratios 
of 1042 (set 2a), 500 (set 2b), and 338 (set 2c), respectively. 

2 sets of 1!/,-in-diam XX 1!/.-in. bearings having D/C ratios 
of 500 (set 3a) and 329 (set 3b), respectively. 

Lubricants. The lubricants used were a Pennsylvania. oil 
(NBS laboratory reference number J3-120), a Navy Contract 
1080 oil, and an SAE 20 oil. The viscosity data for these oils are 
given in Table 1. 


TABLE 1 TEST OILS, VISCOSITY DATA 


ee Viscosity = 
——Saybolt see— - ——Centistokes— 


Lubricant 100 F 210 F 100 F 210 F 

NBS Reference J 3-120. 1766 124.4 382.3 26.04 

Navy Contract 1080... 781 irene 169.1 14.95 
SAE 20 used with 2-in. 

earings aces doe oes 371 58.6 80.2 9.82 


SAE 20 used with 11/4- 
in, bearings. .i...... 


382 58.9 82.58 9.90 

Test Runs. In these tests the bearings were operated under 
conditions of stable lubrication at the higher values of ZN/P 
(see nomenclature). Test runs were made at constant speeds 
and at a number of constant loads which were successively in- 
creased during each test run. The data were obtained with the 
apparatus thoroughly “warmed up” and with the bearings in a 
steady state of temperature distribution. 

In general, the tests with the eight sets of bearings covered 
operation with all three grades of oil; at three oil-inlet tempera- 
tures, 150 F, 200 F, and 250 F; a nominal oil-feed pressure of 35 
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psi; and two nominal speeds of 2000 and 3000 rpm. Tests were 
also run at other oil-feed pressures using the 1080 oil at 200 F 
oil-inlet temperature and a journal speed of 2000 rpm. With set 
2a, however, all the tests with the 1080 oil were omitted. The 
range of loads covered in a given test was dependent upon the 
particular conditions present. The minimum load used was 273 
psi on the projected area (with sets 3a and 3b), while the maximum 
was 4327 psi on the projected area (with set 2c). The bearing 
temperatures ranged from 163 F to 343 F. Ambient 
peratures averaged slightly over 80 F. 


tem- 


Typicat Test Data 


Data obtained in three typical test runs while operating at a 
given constant speed and various loads are shown graphically in 
Figs. 3, 4, and 5. In these figures, observations of the frictional 
torque, average. bearing temperature, and rate of oil flow are 
plotted against the load expressed in pressure on the projected 
area. Data are also shown tor the coefficient of friction, abso- 
lute viscosity of the lubricant at bearing temperature, and fluid- 
ity of the lubricant (reciprocal of viscosity) for each load. The 
values for the viscosity and fluidity of the lubricant are based on 
the observed bearing temperature. 

From these figures, it will"be noted that the individual varia- 
bles show about the same general trends with change in load 
for each of the three tests covering two diameters, D/C ratios, 
L/D ratios, and speeds, and three viscosity grades and oil-inlet 
temperatures. 


FricTioNaL Torque Data 


One of the general characteristics: of interest, shown in Figs. 
3, 4, and 5, is the relation between frictional torque and load. 
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Fic. 3 Typrcat Test Data ror BEARING Set 1b 


(2-in. X 11/s-in. copper-lead bearings, L/D = 0.620, D/C = 556, 3000 rpm, 
SAE 20 oil at 250 F oil-inlet temperature, and 32 psi average oil pressure.) 


2 
P, 1090 psi 


When a given bearing is operating at a constant speed, using a 
given oil at constant oil-inlet temperature and constant oil-feed 
pressure, an increase in load produces an approximately propor- 
tional increase in frictional torque. This straight-line relation- 
ship holds reasonably well in all the tests with the eight sets of 
bearings involving operation at two speeds, three oils, and three 
oil-inlet temperatures, a total of about 150 test runs covering a 
fairly wide range of conditions. 

Torque data covering a range of operating conditions with 
bearing sets 1b and 3a are given in Figs. 6 and 7, respectively. 
Consideration of the intercepts (at P = 0) of the torque 
versus pressure curves in these figures indicates that a de- 
crease in viscosity either by the use of a different oil or by an in- 


. 


crease in oil-inlet temperature decreases the torque at no load. 
Since these intercepts represent approximately conditions of con- 
centric running, this trend might be expected from the Petroff 
equation.’ It should be noted, however, that these data also 
involve the temperature rise in the bearings. This is illustrated 
with the effect of change in speed when using the same oil at the 
same oil-inlet temperature. In general, the increase in no-load 
torque is smaller proportionally than the increase in speed, be- 
cause of the higher temperature and consequent lower viscosity 
at the higher speed. ; 
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(11/s-in. X 25/32-in. copper-lead bearings, L/D = 0.633, D/C = 338, 3050 
rpin, J3-120 oil at 150 F oil-inlet temperature, and 37 psi average oil pressure.) 
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(11/s-in. X 11/s-in. copper-lead bearings, L/D = 1.002, D/C = 500, 2080 
rpm, 1080 oil at 200 F oil-inlet temperature, and 34 psi average oil pressure.) 


When the slopes of these curves (increase in torque per unit 
increase in load) are considered, an analysis of the data for all the 
bearings tested indicates a general trend for a slight decrease in 
slope with decrease in viscosity or with increase in oil-inlet tem- 
perature. The effect of speed over the range covered (2000- 
3000 rpm) is practically negligible. 

The effects of clearance-diameter ratio, length-diameter ra- 
tio, and shaft diameter are shown by the curves in Fig. 8. 
In this figure, torque versus pressure data are given for sets la, 

4“Friction in Machines and the Effect of the Lubricant,” by N. 
Petroff, (2) In Russian: Engineering Journal, St. Petersburg, 1883; 
no. 1, pp. 71-140; no, 2, pp. 228-279; no. 3, pp. 377-436; no. 4, 
pp. 535-564. (b) German translation., by dL. Wurzel, Hamburg; L. 
Voss, 1887, 187 pp. 
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1c, 2a, 2c, and 3b when operating with the J3-120 oil at 200 F oil- 
inlet temperature, and at 2000 rpm or at 2080 rpm. These data 
are also shown in Fig. 9, where F, the bearing friction (27'/D), is 
plotted against W, the total load on the bearing (PLD). In this 
figure, the data at W = 0 give an indication of the effects of 
D/C, L/D, and D on the no-load friction for the given operat- 
ing conditions. The order in which the values occur indicates 
the general trend of the order of the no-load friction data for 
these bearings with other oils and at other oil-imlet tempera- 
tures. ; 

When considering operation under load, a comparison of 
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(2-in. X 11/s-in. copper-lead bearing, L/D = 0.620, D/C = 556, at 35 psi 
average oil pressure.) 
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curves 1c with la, and 2c with 2a in Fig. 9, indicates that, under 
the conditions present in these tests, the increase in friction per 
unit increase in load was greater for the bearings having the 
larger clearance. In this connection it is of interest that at 
the higher loads the bearings having the smaller clearance had the 
lower friction. With a journal bearing operating with forced- 
feed lubrication at a given load and speed in the region of stable 
lubrication, the effect of a reduction in clearance is twofold. 
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(2-in. X 11/¢-in. copper-lead bearings, L/D. = 0.620, D/C = 556, 2000 rpm, 
1080 oil at 200 F oil-inlet temperature. Figures at ends of curves indicate 
oil-feed pressure, psi.) 
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rpm, 36 psi average pressure. Figures in parentheses indicate oil-inlet 
temperature, deg F.) 
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From the standpoint of hydrodynamics the friction increases with 
a decrease in clearance provided the viscosity remains the same 
in the two cases. From the standpoint of thermodyriamics, how- 
ever, a decrease in clearance decreases the oil flow, with a conse- 
quent increase in operating temperature and decrease in viscos- 
ity. This reduction in viscosity tends to decrease the friction. 
In these particular tests apparently the thermodynamic effect 
predominated under conditions of high load. The data for these 
bearings, when using other oils or when operating at other oil- 
inlet temperatures, indicate that this difference in slope between 
bearings of different D/C ratios. is in general smaller with a de- 
crease in viscosity grade or an increase in oil-inlet temperature. 

A comparison of curve 3b (D/C = 329, L/D = 1) with curve 2c 
(D/C = 338, L/D = 0.63), indicates that the increase in friction 
with unit increase in load decreases slightly with an increase in 
length-diameter ratio. Tests with other oils or at other oil-inlet 
temperatures show relative differences of about the same order of 
magnitude. 

The effect of size (diameter) on the increase in friction with 
unit. increase in load is shown by a comparison of curves la with 
2a and le with 2c in Fig. 9. With the large clearance-diameter 
ratio the curve for the small bearings is slightly steeper than that 
for the larger bearings. However, with the small clearance- 
diameter ratio, the trend is reversed. These differences tend to 
decrease with a decrease in viscosity or increase in oil-inlet 
temperature. 

Most of the tests were made at approximately the same oil- 
feed pressure (averaging about 35 psi). Tests where the oil-feed 
pressure was changed were confined to operation at 2000 or 2080 

rpm with the Navy Contract 1080 oil at 200 F oil-inlet tempera- 
~ ture. Typical torque versus bearing-pressure curves, showing 
the effects of these changes, are given in Fig. 10. These indicate 
an increase in torque with increase in oil-feed pressure. 


Fuuipiry Data 


Figs. 3, 4, and 5 show also that, when a given set of bearings is 
operating at a constant speed with a given oil, oil-inlet tempera- 
ture, and oil-feed pressure, an increase in load produces a propor- 
tional increase in the fluidity of the oil at the bearing tempera- 
ture. This straight-line relationship between fluidity and load 
also holds reasonably well in all the tests. This is of particular 
interest when consideration is given to the complex manner in 
which the viscosity of the oil functions in the operation of a jour- 
nal bearing in a steady state of temperature distribution. The 
viscosity directly affects the bearing friction, and hence the rate 
of heat generation. ° It also affects the rate of oil flow, and hence 
the rate of heat dissipation by the oil. In this case its function is 
more complex. Primarily it is the property which produces a 
force resisting flow. It also affects the eccentricity between jour- 
nal and bearing which in turn has an effect upon the rate of flow 
of the oil through the bearing. 

The effects of viscosity and oil-inlet temperature upon the 
fluidity-pressure characteristics of some of the bearings tested are 
shown in Figs. 11, 12, and 13. Fluidity data are given for opera- 
tion with all three oils at all three oil-inlet temperatures when 

_ testing set 1b at 3000 rpm, set 2c at 3050 rpm, and set 3a at 2080 
rpm. The fluidity of the oils at the various oil-inlet tempera- 


tures is indicated along the right-hand border of these figures. 


A comparison of these data with the curves shows the influence 
of the fluidity of the oil at oil-inlet temperature upon the per- 
formance of the bearings. It will be noted also that the curves 
are roughly parallel, with a trend for a slight increase in slope 
with increase in oil-inlet temperature or decrease in viscosity. 

* Analysis of the data for all sets of bearings indicates that, when 
operating with a given oil at a given oil-inlet temperature, the 
increase in fluidity with unit increase in bearing pressure (slope 
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of the 1/7 versus P curve) is approximately proportional to the 
speed of the journal, the diameter of the journal, the length- 
diameter ratio, and the diameter-clearance ratio. This is shown 
in Fig. 14, where 1/Z-1/Z’ is plotted against, PND (L/D) (D/C) 
for the tests using the SAE 20 oil at 150 F oil-inlet temperature 
with all eight sets of bearings. The straight line in this figure 
represents the average slope for all the bearings. 

There is also an indication that the values of the zero inter- 
cept, 1/Z’, are a function of the variable ND (L/D) (D/C). This 
is shown in Fig. 15 where the values of 1/Z’, for lines of average 
slope for this same series of tests with the SAE 20 oil at 150 F 
oil-inlet temperature are plotted against this variable. The 
point at the left border of this figure, is the fluidity of the oil at 
the oil-inlet temperature. From this figure it will be noted that, 
for the range of ND (L/D) (D/C) covered, the data may be 
represented roughly by the broken straight line or more nearly 
by the solid curved line. 

Consideration of Figs. 13 and 14 indicates that, under the con- 
ditions covered, the fluidity of the oil in these bearings may be 
represented roughly by an empirical equation of the form 


ie 3 L D 
=> Zo ++ (aP + b) | x (*) (2) pe ate [1] 


NIE 


> This can be simplified by canceling D. For convenience, how- 


ever, it is expressed in terms of the parameters L/D and D/C. 
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or:more nearly by the equation 


-seefoo( JON -e[0) @] 


Using a = 1.224 X 10"! (slope of the straight line in Fig. 14), 
and b = 2.01 X 10°8 (slope of the straight line in Fig. 15), de- 
' partures of the experimental points from the straight lines de- 


Nie 


fined by Equation [1] are considered as differences in 1/Z and: 


can be expressed as corresponding differences in bearing tem- 
perature. The greatest deviatign found is equivalent to 16 
F (at a bearing temperature ‘of 243 F), and the average deviatfon 
is +3.8 F. With Equation [2], using a = 1.224 & 107-11, 
m = 2.8 X 107, and n = 1.3, the maximum deviation is equiva- 
lent to 8 F (at a bearing temperature of 205 F) with an aver- 
age deviation of +2.9 F. 

Similar data for the tests with the Navy Contract 1080 oil at 
200 F oil-inlet temperature with seven sets of bearings (set 2a was 
not run with this oil) are given in Figs. 16 and 17. The constants 
for Equations [1] and [2] obtained from these figures are a = 
Mero Oe 0m Ge 1059s xa Ose mall <i Om and "= ot85! 
Using these constants, the maximum deviation with Equation [1] 
is 17 F (at a bearing temperature of 268 F), and the average 
deviation is +4.6 F. The maximum deviation from Equation 
[2] is 9 F (at a bearing temperature of 264 F) with an aver- 
age deviation of =2.9 F. 
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Fie. 18 Friurprry Dara SHowING Errect or O1rL-FEED PRESSURE 
Wits Brarine Set 1b 


(2-in. X 14/s-in. copper-lead bearings, L/D = 0.620,D/C = 556, 2000 rpm, 
1080 oil at 200 F oil-inlet temperature. Figures at ends of curves indicate 
oil-feed pressure, psi.) 


These two cases used to indicate the general trend of the fluid- 
ity data cover an intermediate range of fluidities. Data for the 
other conditions have not been examined in detail. However, 
Figs. 11, 12, and 13, which are reasonably representative of all 
the data, show no marked differences in trend between the cases 
examined and operation with other oils and oil-inlet) tempera- 
tures. . 

The equations just given are applicable to operation at one oil- 
feed pressure. Typical fluidity bearing-pressure data obtained at 
other oil-feed pressures for the same tests, described in Fig. 10, 
are given in Fig. 18. These indicate a decrease in fluidity with 
increase in oil-feed pressure. 


GRAPHICAL SAFE-LOAD ESTIMATES 


The straight-line relationship between fluidity and bearing 
pressure provides a graphical means for estimating safe loads. 
In this method the limit for safe operation is based upon a mini- 
mum value of ZN /P, as determined by the point of minimum f in 
the f versus ZN /P curve for a bearing. An example is given in 
Fig. 19. In this figure, the 1/Z versus P data are given for the 
operation of set 1b at 2000 rpm, when using all three oils at the 
three oil-inlet temperatures. The curved line at the right of the 
figure represents the constant value of ZN/P = 3, which experi- 
mental data have indicated as being representative of the limit- 
ing safe value for this set of bearings. The intersection of the 
straight line drawn through the 1/Z versus P data for any one set 
of conditions with the curved line representing the limiting value 
ot ZN/P gives directly the value of the safe bearing pressure for 
those conditions. 

Data pertinent to the question of extrapolation of the 1/Z 
versus P line to higher values of P are given in Fig. 20. These 
data were obtained in another series of tests where the loads were 
increased until unstable conditions were reached, using bearing 
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set 3a with the SAE 20 oil and bearing set 3b with a Navy Con- 
tract 1100 oil (not listed in viscosity table). In this figure, a 
comparison of the fluidity data and friction data indicates that 
under the conditions covered a straight line is reasonably repre- 
sentative of the 1/Z versus P data for loads up to the point of 
minimum friction. 


SuMMARY OF RESULTS 


Analysis was made of data obtained with the four-bearing fric- 
tion machine in tests involving the operation of bearings of two 
diameters, two length-diameter ratios, three clearance-diameter 
ratios, using three oils of different viscosity at three oil-inlet 
temperatures and with two journal speeds. Particular atten- 
tion was given to the resultant effects of the combined hydro- 
dynamic and thermodynamic actions involved in bearing opera- 
tion with forced-feed lubrication. 

Analysis of the frictional-torque data for operation under load 
indicated that, when a*bearing was operating at a constant 
speed using a given oil at constant oil-inlet temperature and oil- 
feed pressure, an increase in load produced an approximately 
proportional increase in torque. The increase in torque with 
unit increase in load was influenced chiefly by the viscosity of the 
oil; the oil-inlet temperature, the oil-feed pressure, the clear- 
ance-diameter ratio, and the length-diameter ratio. 

The data also indicated that, when a bearing was operating at a 
constant speed with a given oil, oil-inlet temperature, and oil- 
feed pressure, an increase in load produced a proportional in- 
crease in the fluidity of the oil in the bearing. For a given oil, 
oil-inlet temperature, and oil-feed pressure, this change in 
fluidity with change in bearing pressure was a function of the 
speed of the journal, the diameter of thes journal, the length- 
diameter ratio, and the clearance-diameter ratio, Empirical 
equations are given to define this relationship. 

The relationship between fluidity and pressure in conjunction 
with a minimum safe value of ZN /P provides a graphical means 
for estimatigg safe loads. The intersection of the straight line 
drawn through the fluidity-pressure data for a given set of condi- 
tions with a line representing a limiting value of ZN /P gives di- 
rectly the value of the safe bearing pressure for these conditions 
(see Fig. 19). 


CoNCLUSION 


In considering these results it should be noted that the thermal 
behavior of a journal bearing operating with forced-feed lubrica- 
tion is dependent upon a complex relation involving heat losses 
by radiation, conduction, and convection as well as the heat car- 
ried away by the oil leaving the bearing. Accordingly, the nu- 
merical values obtained in these tests are dependent upon the 
heat-dissipation characteristics of the apparatus itself. In the 
course of the bearing research program, however, data were ob- 
tained under conditions where it was possible to differentiate be- 
tween the heat carried away by the oil and the heat losses through 
the apparatus itself. 

An analysis of these data is given in the Appendix where it is 
shown that under conditions typical of normal high-speed high- 
temperature operation practically all of the heat generated in the 
bearing is carried away by the oil. Accordingly, the straight- 
line relation between fluidity and pressure should hold reasonably 
well in most bearing applications. In these cases considerable 
information on bearing performance may be obtained by making 
a few observations of bearing temperature for various condi- 
tions. This is of considerable practical significance since in 
many bearing installations friction measurements are not practi- 
cable. 
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Appendix 
THeRMAL Benavior av Constant Or, FLow 


In the course of the general program on bearing performance, 
some tests were made in which the oil flow was held at a constant 
rate during a test run. These tests were made at high ZN /P 
under a steady state of temperature distribution. 

In the analysis of these data, consideration was given to the 
total heat supplied to the bearing. With the operating condi- 
tions such as were present in these tests, where the oil-inlet tem- 
perature was higher than the ambient temperature, the tempera- 
ture rise of the bearings above the ambient was not only de- 
pendent upon the heat generated by shearing the oil in the bear- 
ing but also upon the heat delivered by the oil entering the bear- 
ing. 

Typical data obtained in tests with two sets of bearings of 
different D/C ratios (663 and 403), operating at two speeds, 
various loads, and various rates of oil flow with an SAE 20 oil at 
200 F oil-inlet temperature are given in Fig. 21. In this figure, 
H,, the rate of heat supply to one bearing from both entering oil 
and bearing friction, is plotted against the temperature rise above 
the ambient. The solid points indicate the rise in temperature 
above the ambient of the oi] leaving the bearings (A7'o), as deter- 
mined by thermocouples located in the oil streams at the ends of 
each bearing, while the open points represent the temperature 


rise of the bearings (A7',), as determined by thermocouples placed _ 


in the loaded sides of the bearing shells. Since these tests were 
made at a steady state of temperature distribution, the data are 
also indicative of the rate of heat dissipation. 

Analysis of the data in this figure indicates that the relation 
between the rate of total heat supplied to the bearings and the 
temperature rise above the ambient is dependent chiefly upon 
factors affecting the rate of heat dissipation by the oil, namely, 
rate of oil flow, specific heat of the oil, and temperature rise of the 
oil. This is shown in Fig. 22. In this figure, H; is plotted 
against Q, the rate of oil flow through one bearing,-for various 
constant values of AZ’). The points shown in the figure were ob- 
tained from the data given in Fig. 21, interpolating where neces- 
sary. The data in Fig. 22 fall reasonably well on a series of 
straight lines, each of which represents the H, versus @ relation- 
ship for a given value of AZ’. The slopes of these lines represent 
the heat-dissipation characteristics of the oil flowing through 
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the bearing, while the intercepts at Q = 0 provide an indication 
of the rate of heat loss through the apparatus itself. This 
straight-line relationship between H, and Q, together with the 
relative slopes of the lines for different values of AZ’, indicate the 
proportionality between the rate of heat removal by the oil and 
the rate of oil flow and the temperature rise. 

. The lines drawn in Fig. 21 represent the H; versus AT’, rela- 
tionship for the constant rates of oil flow indicated. The general 
location of the line Q = 0 is based on average values of the inter- 
cepts Q = 0, obtained from Fig. 22, together with similar analy- 
ses for other bearings tested. However, since the order of ac- 
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curacy of the extrapolation is not such as to provide a sensitive 
indication of the exponent for the temperature rise, Lasche’s 
value of 1.3 is used.6 This line Q = 0 is used as a base for the 
lines representing the H, versus AJ» for the different values of Q. 
These are obtained by computations involving the product of the 
rate of oil flow indicated, the temperature rise, and the average 
specific heat of the oil over the given temperature range. 

From this figure it will be noted that these computed lines are 
in reasonable agreement with all of the experimental data based 
upon values of the average temperature above the ambient of the 
oil leaving the bearings. In this connection the data cover opera- 
tion at two speeds, with two clearance-diameter ratios, when us- 
ing a circumferential groove in the bearing for distributing the 
oil. Data with other bearings having various arrangements of 


§ “Die Reiburgsverhiéltnisse in Lagern mit hédher Umfangsgesch- 
windigkeit,’’ by O. Lasche, (a) Zeitschrift des Vereines deutscher 
Ingenieur vol. 46, 1902, pp. 1881-1890. (6) English trans., Traction 
and Transmission, vol. 6, 1903, pp. 33-64. 


holes and grooves show the same general trends. Using the 
hollow test shaft with two oil holes per bearing, data were ob- 
tained when operating with two clearance-diameter. ratios, 
three speeds, and one rate of oil flow. These are given in Fig. 23 
and it will be noted that they are in general agreement with Fig. 
ee : \ 

Figs. 21 and 23 provide a comparison between the rate of heat 
removal by the oil and the rate of heat dissipation through the 
apparatus by radiation, conduction, and convection. It will be 
noted that the losses through the apparatus are relatively small 
even at the Jower rates of oil flow. The rates of flow used in these 
tests cover a relatively low range. In some of the tests with the 
bearings having small C/D ratios, the fluidity-pressure data were 
obtained at low rates of oil flow, but the bulk of these data 
were obtained at the higher rates where the losses through the ma- 
chine were practically negligible. This is probably also the case in 
most service applications of bearings operating with forced-feed 
lubrication. ' 


